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ABSTRACT 

Experiments were conducted on man's capabi 1 i t  ies  t o  perform manua 1 work 
i n  the weight less environment. More than 200 experimental cond i t ions were 
studied. The independent var iab les  were s imulat ion techniques, tasks, 
locomotion aids, r e s t r a i n t  devices and too ls .  This document describes the  
f i n a l  r esu l t s  o f  both  the ana l y t i ca l  and experimental studies. Conclusions 
are  drawn w i t h  respect t o  the e f f e c t s  o f  the independent variables, the human 
en g i nee r i ng obser va t i on, qua n t i t a t  i ve ana 1 yses and phys i o 1 og i ca 1 pa ramete r s  . 
Hypotheses a re  advanced concerning the  improvement o f  work i n  the weight less 
env i ronmen t . 
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STUDY OF ASTRONAUT CAPABILITIES TO PERFORM 

EXTRAVEHICULAR MAINTENANCE AND ASSEMBLY 

FUNCTIONS IN WEIGHTLESS CONDITIONS 

W. 

The perfo.rmance 

By E. C. Wortz, Ph.D., L. E. Browne, 

G. Robertson, Ph.D., and M. R. Gafvert 
W. H. Shreck, A. J. Macek, Ph.D., 

Department o f  L i f e  Sciences 
AiResearch Manufacturing Company 

A D i v i s i o n  o f  The Gar re t t  Corporat ion 

SUMMARY 

o f  t h i s  program, under Contract NAS 1-5875, was marked by 
several major milestones. These were the cons t ruc t ion  o f  a t e s t  f a c i l i t y  
designed s p e c i f i c a l l y  t o  achieve the ob jec t i ves  o f  the  program, the completion 
o f  a n a l y t i c a l  s tud ies r e l a t e d  t o  underwater drag, and the conduction o f  an 
extensive ser ies  o f  exp lo ra to ry  t e s t s  designed t o  asce r ta in  the e f f e c t s  o f  
weight less cond i t ions  on man's c a p a b i l i t i e s  t o  perform manual maintenance and 
assembly funct ions.  

This repor t  describes i n  d e t a i l  the  apparatus, methods, procedures, and 
observations made dur ing the  program. Essent ia l l y ,  two s imu la t ion  techniques 
were employed i n  a d d i t i o n  t o  basel ine s tud ies a t  one-9: 
freedom s imu la to r  and ( 2 )  neut ra l  buoyancy. Other indpendent var iab les  were 
the type o f  task, locomotion aids, r e s t r a i n t  devices, and too ls .  Dependent 
variables, used f o r  the eva lua t ion  o f  the e f f e c t s  o f  the independent var iab les,  
were problems i n  task completion, er rors ,  task  times, and phys io log ica l  para- 
meters which included metabol ic r a t e  data. Since one o f  the s imu la t ion  tech- 
niques involved water immersion, a study was conducted t o  ascer ta in  i t s  e f f e c t  
on the dependent var iab les.  
se lected over wet d i v i n g  s ince the former i s  less l i k e l y  t o  produce spurious 
phys io log ica l  data than the l a t t e r .  Other s tud ies  were conducted on the 
poss ib le  e f f e c t s  o f  drag on performance wh i l e  using the neut ra l  buoyancy 
s imu la t ion  technique. A formal report,"Mathematical Model Analysis o f  Under- 
water S imulat ion (LS-66-0794)," was submitted which provided a d e t a i l e d  p lan  
f o r  the continuous on- l ine  computation o f  drag energies f o r  the  purpose o f  
bo th  ascer ta in ing  the f i d e l i t y  o f  the s imu la t ion  and the c o r r e c t i o n  o f  meta- 
b o l i c  data. 

( I )  a six-degrees-of- 

As a r e s u l t  o f  the study, " dry d iv ing"  was 

A f o u r t h  major a n a l y t i c a l  e f f o r t  undertaken was the  development o f  a 
" task  taxonomy" f o r  the purpose o f  organiz ing the data such t h a t  general p r i n -  
c i p l e s  o f  ex t raveh icu la r  a c t i v i t y  (EVA) could be evolved. This  taxonomic t o o l  
i s  described together w i t h  examples o f  i t s  a p p l i c a t i o n  i n  the sec t ion  on 
Q u a n t i t a t i v e  Results. 
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The resu l t s  o f  these extensive experiments (more than 200 d i s t i n c t  t e s t  
conf igura t ions)  are  described i n  the sect ions on Human Engineering Observations, 
Quan t i t a t i ve  Results, and Phys io log ica l  Results. Due t o  the extent  of  the data 
ana lys is  achieved i n  t h i s  program, each o f  these three sect ions includes l i s t s  
o f  the numerous conclusions and hypotheses which may be drawn. 

INTRODUCTION 

This  document represents the f i n a l  repor t  o f  the  program "Study o f  
I Astronaut Capab i l i t i e s  t o  Perform Extravehicular  Maintenance and Assembly 

Functions in  Weightless Conditions." This s tudy  was conducted for NASA/ 
Langley Research Center under Contract NAS 1-5875. 
o f  a ser ies  o f  a n a l y t i c a l  and experimental e f f o r t s  t h a t  a re  described in  
the f o l l ow ing  sect ions o f  t h i s  report.  The methods, procedures, and 
apparatus used dur ing the program are a lsb  described. 
drawn about the var ious aspects o f  EVA such as the e f f e c t s  o f  tools, r e s t r a i n t  
devices, locomotion aids, and o ther  aspects o f  EVA work. 

The program was composed 

Conclusions a re  

NASA i s  c u r r e n t l y  p lanning extended durat ion space missions dur ing 
which ex t raveh icu lar  operat ions w i l l  be required. Extravehicular  operat ions 
w i l l  permi t  the performance o f  tasks such as maintenance and repa i r  o f  
equipment, assembly o f  l a rge  equipment, and assembly o f  modular un i t s .  
order t o  b e t t e r  understand the capab i 1 i t  ies, 1 imi tat ions,  and leve l  o f  
performance o f  the astronaut  i n  performing these ext raveh icu lar  tasks 
and to  develop techniques and equipment f o r  accomplishing them p r i o r  t o  
f l i g h t  dates, it i s  necessary t o  conduct s imula t ion studies. This program 
i s  unique in t h a t  it provides f o r  the assessment o f  EVA work by several 
techniques o f  s imulat ion. 
f i d e l i t y ,  the comparison o f  tasks among s imula t ion techniques improves the  
confidence in  the general i z a t i o n  o f  "earthbound s imula t ion data" to 
the space s i t ua t i on .  

I n  

Since no s i ng l e  technique provides f u l l  

Another very  unique fea tu re  o f  t h i s  p a r t i c u l a r  program i s  i t s  
breadth. I n  the search f o r  u n i f y i n g  mechanisms and pr inc ip les ,  more 
than 200 unique t e s t  conf igura t ions were explored. 
necessary in  order t o  "shred out" re levant  problem areas so t h a t  f u tu re  
research could be appropr ia te ly  st ructured.  Consequently, i n  t h i s  very  
bas ic  attempt to  s t r uc tu re  t he  problem o f  EVA work, the  research was 
l i m i t e d  t o  the most p r i m i t i v e  form o f  accomplishing work--manual labor. 
Such an examination both provides the fundamentals f o r  understanding any 
man-machine in te r face  i n  the weight less environment and permits the co l-  
l e c t i o n  o f  data appropr iate f o r  the proper man-machine funct ions a l loca-  
t i o n  f o r  weight less work a t  the most bas ic  leve l .  The most l i gh twe igh t  
system f o r  p rov id ing  human d i rec ted  maintenance and assembly i s  the unaided 
man. Obviously, the EVA worker w i l l  need work aids; however, a l l  space 
endeavors need t o  consider the pena l t i es  associated w i t h  weight, volume, 
and power. Understanding man's manual EVA a b i l i t i e s  w i l l  a l l ow  the devel- 
opment o f  t r u l y  opt imized systems o f  men, tools, and machines f o r  the 
conquest o f  space. 

This approach was 
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The scope o f  the study included a theo re t i ca l  and engineering 
research program t o  determine the c a p a b i l i t i e s  and l i m i t a t i o n s  o f  the 
astronauts i n  performing ext ravehicu lar  maintenance and assembly tasks 
not requ i r ing  external  guidance propuls ion o r  power a s s i s t  under zero 
g r a v i t y  condit ions. A l l  services, materials, f a c i l i t i e s ,  and t e s t  subjects 
t o  perform the combined theore t ica l  and experimental study were provided. 

The theo re t i ca l  study, which was used as a basis f o r  planning and 
performing the experimental study, included: 

a. An analysis o f  the drag and damping e f f e c t s  on the t e s t  subjects 
and equipment t o  be used i n  the water immersion simulation. 

b. The development o f  su i t ab le  modeling and sca l ing  laws t o  def ine 
the re la t ionsh ips  between the experimental s imulat ion and the zero g r a v i t y  
condi t ions o f  space. 

c. An analysis o f  the types o f  ext ravehicu lar  maintenance and 
assembly tasks which can be s u i t a b l y  studied by t h i s  means o f  sirnulation. 

do Evaluation of  techniques o f  instrumenting water immers ion 
simulation. 

e. Development o f  techniques for  analysis o f  data. 

On the basis o f  the resu l t s  o f  the theo re t i ca l  study, an experimental 
study o f  ext ravehicu lar  astronaut maintenance and assembly techniques f o r  
the purpose o f  de f in ing  the c a p a b i l i t i e s  and l i m i t a t i o n s  o f  the pressure= 
su i ted  astronaut was performed, dur ing which tasks o f fe r i ng  p a r t i c u l a r  
problems were examined, so lu t ions  t o  p a r t i c u l a r  problems were worked out, 
and those task areas where add i t iona l  research could p r o f i t a b l y  be performed 
a t  a l a t e r  date were defined. 
the fo l lowing were accomplished. 

Also dur ing the experimental study phase 

a. A de ta i l ed  t e s t  p lan o f  the approach f o r  accomplishing the 
maintenance and assembly tasks was prepared and submitted. 

b. An engineering program was planned and executed tha t  could 
su i tab1 y be performed by water immers ion and other  techn iques. 

C. Addi t ional  hardware and t e s t  equipment was designed and 
constructed. 
e laborate$ were constructed o f  commercially ava i l ab le  par ts  where p r a c t i c a l ,  
and were designed t o  demonstrate economically the basic p r i nc ip les  associated 
w i t h  problems involved i n  ext ravehicu lar  e rec t  ion and maintenance.) 

on the ground under f u l l  g r a v i t y  condi t ions t o  examine the d i f ferences 
dur ing weightless performance. 

(Hardware and t e s t  models used i n  t h i s  program were no t  

do Comparative tes ts  o f  several maintenance tasks were conducted 

The data recording and analys is  methods 
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were compatible, and comparison o f  data from the d i f f e ren t  s imulat ion 
methods was made on a common basis. 

e. Comparative tes t s  to  evaluate the water immers ion s imulat ion 
by using other  means o f  s imulat ion f o r  conducting tasks were conducted. 

f .  An analysis o f  the data co l lec ted  dur ing the tes t s  was performed. 

The fo l lowing sections of t h i s  repor t  describe i n  d e t a i l  t he  ana l y t i ca l  
studies, the  methods and procedures used i n  the experimentation, the exper i-  
mental design, and t h e  resu l t s  and conclusions of t he  experiments. The 
resu l t s  are given i n  three sections: 
t a t i v e  Results, and phys io log ica l  Results. 

Human Engineering Observations, Quanti-  
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SECTION I 

ANALYTIC STUDIES 

Before t he  empi r ica l  t e s t s  began, t h e  f o l l ow ing  a n a l y t i c  studies were 
conducted on t he  problems associated w i t h  us ing neut ra l  buoyancy s imula t ion 
i n  studying t h e  problems o f  work under weight less condi t ions.  

a. 

b. 

C. 

d. 

A study of the phys io log ica l  e f f e c t s  o f  d i v i n g  

A behavioral study to  a r r i v e  a t  a task c l a s s i f i c a t i o n  
system t h a t  might  be used i n  EVA research 

A development o f  a mathematical model for computing the  
energy loss associated w i t h  underwater drag 

Development o f  a v e r i f i c a t i o n  p lan  for the mathematical 
model and a p lan  for continuous on- l ine generat ion o f  
drag energy data  dur ing t he  s imula t ion experiments 

THE STUDY OF D I V I N G  PHYSIOLOGY 

Since a p o r t i o n  o f  t h i s  program i s  concerned w i t h  phys io log ica l  
measure+- e.g., metabol i c  r a t e - - i  t was f e l t  necessary t o  review some o f  
the e f f e c t s  of submersion and hyperbar ic  pressures in  human physiology. 
The e f fec ts  of submersion on human physiology are thought , to be i n  p a r t  
psycho log ica l ly  induced. Consequently, the  e f f e c t s  of submersion might 
be induced even when wearing a pressurized s u i t  f i l l e d  w i t h  a i r .  These 
submersion e f f e c t s  inc lude conservat ion o f  oxygen by " increase i n  oxygen 
debt." 

Studies of  underwater physiology have been approached from several 
q u i t e  d i f f e r e n t  po in t s  of view. Some inves t iga t ions  have been concerned 
w i t h  the e f f e c t s  of  immersion only. Others have been concerned w i t h  
shor t  per iods of a c t i v i t y  i n  shal low water. S t i l l  o thers  have emphasized 
t he  study o f  shor t  and moderately long a c t i v i t y  a t  great  depths. 
experiments such as those by the Sea-Lab, Linkland Costeau groups have 
emphasized i nves t i ga t i on  of a wide 'range o f  a c t i v i t y  a t  great  depths for  
prolonged periods. 

Recently, 

The r e s u l t s  o f  experiments on immersion and d i v i n g  i n  shal low water ho ld  
primary i n t e r e s t  f o r  the present study. 
the physiology o f  d i v i n g  a t  great  depths w i l l  not be emphasized. 

For t h i s  reason, informat ion about 

The m a j o r i t y  o f  immersion s tud ies  have involved minimal o r  no 
a c t i v i t y  by t he  subjects and, i n  fact, have been termed s tud ies  of  
"hypodynamic states." 
longed immers,ion i n  water (2  t o  7 days or more) induces s i g n i f i c a n t  changes 

these k inds o f  experiments have shown t h a t  pro- 
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. 
in circulation, muscle, and metabolism in general. 
observed during immersion may be listed as follows: 

Some of the phenomena 

a. Redistribution of body fluids 

b. Orthostatic hypotension 

c. Decreased demands for musculoskeletal activity 

d. Decreased metabol ic rate 

e. Cardiodynamic activities characteristic of recumbency 

Gravel ins and Barnard (ref. I )  claim that evidence of cardiovascular 
deterioration i s  readily apparent after 6-hr immersion. Graybiel and Clark 
(ref. 2) observed orthostatic hypotension within four hours. 

When a subject i s  tilted after immersion he will usually develop an 
orthostatic tachycardia and an increased diastol ic pressure. This suggests 
that reflex vasoconstriction i s  not impaired. Urinary norepinephrine is 
usuelly decreased during immersion, however, and it has been suggested that 
this reflects decreased vasomotor activity. Nevertheless, the precise role 
of the autonomic nervous system in the deconditioning of immersion remains 
undetermined. 

Many subjects show an "imnersion diuresis" or free-water clearance. 
is also incompletely understood. It has been hypothesized that this is due, 
in part, to reflex inhibition of antidiuretic hormone by blood volume stimu- 
lation of atrial volume receptors. The evidence for this hypothesis is that 
ADH injection or positive pressure breathing (15 mm Hg) prevents the diuresis, 
and the plasma volume initial ly increases. However, this evidence is st i l l  
insufficient to separate volume receptor mechanisms from altered renal 
hemodynam i c s . 

This 

Finally, metabol ic changes reflected in urinary nitrogen, blood composi- 
tion, and immunochemical reactions are even more difficult to explain; how- 
ever, they also appear to result primarily from immobility and passivity, 
for they have been observed in bed rest as well as immersion studies. 

The number of studies on dividing animals far exceeds those on diving 
man, but certain patterns emerge from the animal work which are applicable 
to mane Diving reptiles, birds, and mammals can sustain themselves under- 
water for comparatively long periods by decreasing their metabolism. There 
is evidence that blood flow to muscle and skin is drastically reduced during 
submersion. 

Peterson (ref, 3) has summarized the evidence for redistribution of blood 
flow and the attendant metabolic changes that occur during submersion. 
of these may be listed as follows: 

Some 

a. Incisions into skin and muscle do not bleed. 
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b. Increased l a c t i c  a c i d  appears i n  the blood a f t e r  ascent (suggest ing 
tha t  i t  i s  trapped and nonc i rcu la t ing  dur ing dive) .  

c. Myoglobin 02 i s  p r a c t i c a l l y  depleted wh i l e  blood remains almost 
50 percent saturated. 

do Di rec t  a r t e r i a l  pressure recordings ind ica te  an increased per iphera l  
resistance; i.e., the  r a t e  o f  pressure f a l l  dur ing d i as to l e  i s  
decreased. 

k n  a l s o  shows a r e d i s t r i b u t i o n  of b lood flow and an increase i n  l a c t i c  
ac i d  concentrat ion as a d i v i ng  response. 
animals, in  vary ing degrees, apnea, bradycardia, and a sudden tachycardia on 
emergence ( i n  most cases) 
they can be e l i c i t e d  by many s t imul i ,  e.g., loud noise, c e r t a i n  postures, 
immersion o f  the  whole body, and breath holding. Surpris ingly,  one o f  the  
few st-imul i t h a t  does not produce d i v i ng  responses i s  appl i ca t  ion o f  pressure 
i n  a d i v i ng  chamber, which i s  representat ive o f  an a i r - f i l l e d  s u i t .  

Further, he shares w i t h  other  

Div ing responses are complicated by the  f a c t  t h a t  

Apnea-bradycardia i s  usua l l y  o f  sinus o r i g i n  and appears t o  be a ref lex, 
because o f  the r a p i d i t y  o f  i t s  onset. The heart r a t e  may decrease t o  50 per-  
cent o f  the  surface r a t e  under these condit ions. The onset and degree o f  the 
bradycardia appear equa l ly  pronounced i n  good and poor swimmers and pe rs i s t s  
i n  sp i t e  o f  vigorous exercise under water. This was the f i r s t  *reported by 
I r v i n g  ( re f .  4) and confirmed by Scholander and Olsen ( re f .  5), but contra-  
d ic ted  by Craig ( r e f .  6). I t  should be noted, however, tha t  Craig used one 
subject who breathed 100 percent 02 fo r  5 min p r i o r  t o  descent and t h a t  he 
d i d  but one experiment w i t h  t h i s  subject.  I r v i n g  observed tha t  j u s t  submerging 
the face was an adequate st imulus f o r  a bradycardia which i s  of  longer dura t ion  
than t h a t  o f t en  seen dur ing breath ho ld ing i n  a i r .  
expected f a c t  t ha t  t h i s  bradycardia may be e a s i l y  modi f ied by stress, f r i gh t ,  
o r  harassment. 

Wolf ( r e f .  7) noted the 

Scholander ( r e f .  8) observed extrasysto les during the d ive  and a t r i a l  
f i b r i l l a t i o n  dur ing the recovery phase. Olsen ( r e f .  9) reported t h a t  the 
most consistent  changes i n  d iv ing  man were sinus bradycardia and sinus 
arrythmia, but he a l so  observed ( I )  sinus a r res t  w i t h  subsequent nodal or 
ven t r i cu l a r  escape; (2) A-V block, A-V nodal rhythm, and- i d i oven t r i cu l a r  
rhythm; and (3)  a l t e r a t i o n  i n  con f igu ra t ion  and amplitude o f  the P-wave (which 
general l y  decreased) and the  T-wave (which became peaked and elevated) 
Several invest iga tors  f e e l  t h a t  i f  a sub jec t 's  heart  f a i l s  t o  slaw dur ing 
simple immersion, i t i s  a good i nd i ca t i on  o f  phys io log ic  and/or psychologic 
u n s u i t a b i l i t y  f o r  underwater work. 

I n  animals, s y s t o l i c  pressure i s  maintained o r  e levated dur ing a dive. 
During t h i s  t ime there i s  an associated prolonged f a l l  i n  d i a s t o l i c  pressure. 
The p i c t u r e  i s  not so c l ea r  i n  humans. For example, Olsen measured brach ia l  
a r t e r i a l  pressure d i r e c t l y  (subject  submerged w i t h  arm out o f  water) and 
noted tha t  s y s t o l i c  pressure rose w i t h i n  the f i r s t  IO sec and remained 
elevated u n t i l  the  end of a dive. 
an unqua l i f ied  statement about changes i n  d i a s t o l i c  pressure. 

Examination of  h i s  data does not permit  
On the  other 
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hand, Scholander measured brach ia l  a r t e r i a l  pressure using a c u f f  technique 
(sub jec t  submerged w i t h  arm out o f  water) and reported no s i g n i f i c a n t  change 
i n  sys to l  i c  o r  d i as to l  i c  pressure dur ing d iv ing.  

I t  was mentioned e a r l i e r  t h a t  r e d i s t r i b u t i o n  of b lood f l o w  occurs dur ing 
div ing.  
by the  f a i l u r e  o f  b lood l a c t i c  a c i d  t o  increase co inc ident  w i t h  marked increase 
i n  muscle lac ta te .  This phenomenon has been observed i n  a v a r i e t y  o f  animals. 
S im i la r  changes have been noted i n  scuba d ivers  who were ab le  t o  do apneic 
d i v i ng  f o r  as long as 3 min a t  r es t  and 1.5 min w i t h  exercise. Consequently, 
i t  has been postu la ted t h a t  the re  i s  decreased blood flow t o  muscles i n  
d i v i ng  humans. The delay i n  appearance o f  l a c t i c  a c i d  i n  blood complicates 
t h i s  idea f o r  man, however, because the re  i s  a l s o  a delay f o l l o w i n g  surface 
swimming and s p r i n t i n g  and because man's submergence t ime i s  r e l a t i v e l y  sho r t  

One i nd i ca t i on  o f  apparent shunting o f  b lood past muscles was suggested 

musc 
many 

from 
get t 
does 
t ha t  

It must be kept i n  mt'nd t h a t  al though blood f l o w  through contracted 
e i s  decreased and bradycardia i s  usua l l y  associated w i t h  severe asphyxia, 
other f ac to r s  associated w i t h  d i v i ng  a f f e c t  the  cardiovascular  system. 

I n  summary, t he  study o f  the  l i t e r a t u r e  showed three classes o f  e f f e c t s  
d iv ing:  ( I )  those r e s u l t i n g  from pressure, (2 )  those r e s u l t i n g  from 
ng wet, (3) and those r e s u l t i n g  from being submerged. The l i t e r a t u r e  
not sys temat ica l ly  d i s t i ngu i sh  between the r e s u l t s  o f  being submerged 
come f r o m  beinq wet vs those t ha t  come from the sub jec t ' s  knowledge tha t  - 

he i s  underwater. 
the phys io log ica l  syndrome o f  " d i v i ng  responses" and tha t  g e t t i n g  t he  face 
wet wi thout  submerging produces many symptoms i n  t h i s  syndrome. I n  view o f  
t h i s  knowledge, the  dry  d i v i n g  technique was chosen as t he  one leas t  l i k e l y  
t o  produce spurious data. 

I t  i s  known, however, tha t  pressure alone does not produce 

TASK TAXONOMY STUDY 

The purpose o f  t h e  task  taxonomy development study was t o  begin e a r l y  
t o  provide a s t r uc tu re  f o r  analyzing t h e  data, planning f u t u r e  experiments, 
s e t t i n g  up tasks, and f o r  order ing those a c t i v i t i e s  which cou ld  be simulated 
adequately underwater and those which cou ld  not. I t  was apparent a t  the  
outset t ha t  each o f  the  many poss ib le  app l i ca t ions  o f  a work c l a s s i f i c a t i o n  
system cou ld  r e s u l t  i n  systems o f  d i f f e r e n t  forms. 
by the  analyst  t o  t r y  s e t t i n g  up a comprehensive method of c l a s s i f y i n g  
weight less work and then modi fy ing t ha t  system i n  the  l i g h t  o f  t he  s p e c i f i c  
inadequacies t ha t  would appear as attempts were made t o  apply it t o  t h e  
organ izat ion o f  t he  data. 

The dec is ion was made 

I n  developing a system o f  c l a s s i f y i n g  t he  a c t i v i t i e s  involved i n  weight- 
less work, t he  analyst  worked w i t h  past c l a s s i f i c a t i o n  attempts extensively.  
The pub l i ca t ions  o f  L. M. Stolurow ( r e f .  IO), A. W. Melton ( r e f .  I I ) ,  
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K. U. S m i t h  ( r e f .  IZ), E. A. Fleishman ( r e f .  13 through 17), and Rudolf 
Laban ( re f .  18), and the area of t i m e  and motion ana lys is  were studied. 

The work o f  Stolurow was l a rge l y  discarded because the emphasis on 
cogn i t i on  i n  h i s  categor iza t ion l e f t  i t  l a rge l y  i r r e l evan t  t o  the problems 
o f  weight less work. A f t e r  task c l a s s i f i c a t i o n  proves usefu l  i n  space, 
however, Stolurow's e a r l y  work i n  the c r i t i c a l  c o g n i t i v e  cha rac te r i s t i c s  
o f  a task may w e l l  become important i n  such I V A  and EVA maintenance jobs  
as f a u l t  i so la t ion.  

Melton's method o f  l abe l ing  and c l a s s i f y i n g  tasks turned out t o  
t o  be not ambit ious enough t o  s a t i s f y  the need f o r  an EVA task taxonomy. 
c l ass i f i ca t i ons ,  such as "procedural, closed loop, and verbal," are usefu l  
i n  working through the  t r a n s i t i o n  between the everyday t ask  taxonomies, 
which are used by most people studying human performance, and the  more 
formal task taxonomies t h a t  ought t o  be developed. 

His 

Smith's work, w i t h  h i s  pecu l ia r  s t r uc tu re  o f  human performance i n t o  
types of con t ro l  and feedback loops, looked promising a t  f i r s t ,  but  the 
analyst  f i n a l l y  decided t h a t  wh i l e  con t ro l  loops and feedback mechanisms 
are c r i t i c a l ,  working w i t h  them would be c u t t i n g  the problem too f i n e  for 
a f i r s t  attempt. The r e s u l t s  o f  the present study ind ica te  problems i n  
feedback--such as those associated w i t h  EVA gloves and r e s t r i c t e d  v i s ion - -  
which w i l l  probably be understood and c l a s s i f i e d  p a r t l y  w i t h  the  he lp  of the 
research o f  K. U. Smith. 

The work o f  Rudolf Laban i n  b a l l e t  and dance no ta t i on  led him t o  
be in terested i n  studying human e f f o r t  i n  product ion l i n e s  and general 
assembly work. His c l a s s i f i c a t i o n  scheme i s  the most ambitious o f  a l l  
attempts, l ay ing  a l l  motions of e f f o r t  i n  a three-dimensional scheme of 
force, control,  and speed o f  motion. He then worked w i t h  the var ious pa r t s  
o f  the  body concerned w i t h  each motion. 
because i t  was t oo  comprehensive. 
methods, a human fac to r s  analyst  cou ld  c l a s s i f y  a l l  t he  work done i n  t he  
studies described i n  t h i s  report .  There a re  two problems: some meaningful 
d i s t i n c t i o n s  would be omitted, and many c e l l s  i n  Laban's complicated 
n-dimensional ma t r i x  would not be f i l l e d .  The s t r uc tu re  would be more 
d i f f i c u l t  than t he  c l a s s i f i c a t i o n  problem. I n  f u t u r e  i t e r a t i o n s  o f  t he  
task taxonomy, however, Laban's dimens ions o f  force, control,  and speed 
w i l l  most l i k e l y  be incorporated as t he  most promising way o f  descr ib ing 
t he  fo rce  and d e x t e r i t y  requ i red t o  do a job.  

taxonomy i s  E. A. Fleishman. 
t o  Laban's l og i ca l - theo re t i ca l  s t ruc tur ing.  One advantage o f  the 
empi r ica l  approach t o  task c l a s s i f i c a t i o n  i s  t ha t  many c e l l s  o f  the 
desc r i p t i on  t h a t  might be included t h e o r e t i c a l l y  do not a r i s e  i n  
pract ice .  
exerc ise der ived by Fleishman i n  a study o f  physical  f i t ness .  

His approach was not pursued 
Using a space adaptat ion o f  Laban's 

The most a c t i v e  psychologist  i n  recent years i n  the area o f  task 
Fleishman's work i s  empir ical  i n  con t ras t  

For example, F igure 1 - 1  shows a se t  o f  categor ies o f  physical  
Laban's 
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dimensions o f  force, dexter i ty ,  and speed are  v i s i b l e  i n  t he  
categories, bu t  no t  completely. As an example, Fleishman's empi r ica l  
category of explosive fo rce  i s  reminiscent of a j o i n t  c l a s s i f i c a t i o n  by 
Laban o f  a task  invo lv ing  great  f o r ce  and speed. While Laban's system 
would have such a category for movement o f  the  trunk, t h i s  category 
does not  occur i n  t he  r e s u l t s  of Fleishman's f a c t o r  ana l y t i c  study. 

I t  i s  poss ib le  t ha t  human e f f o r t  i n  space w i l l  u l t i m a t e l y  be c l a s s i f i e d  
i n  a la rge  ma t r i x  invo lv ing  many dimensions such as type of feedback, amount 
o f  feedback, cogn i t i ve  cha rac te r i s t i c s  of the task, amount o f  speed and force, 
etc. I t  i s  q u i t e  def in i te ,  however, t h a t  such a ma t r i x  w i l l  a l so  have t o  
inc lude task- or iented aspects such as those used by Taylor  and G i l b re th  i n  
t h e i r  e a r l y  work i n  c l a s s i f y i n g  tasks as a basis f o r  t h e i r  t i m e  and motion 
studies. 

The f i n a l  choice made f o r  a task  taxonomy f o r  t h i s  program was 
a l o g i c  f l o w  c l a s s i f i c a t i o n  scheme. Th is  scheme i s  seen i n  F igure 1-2. 
The l o g i c  f l ow  c l a s s i f i c a t i o n  i s  used i n  psychology i n  many s i tuat ions.  
The methods for d i s t i ngu i sh ing  among d iagnost ic  categor ies o f  the 
mental ly  ill c o n s t i t u t e  a l o g i c  f l o w  c l a s s i f i c a t i o n  scheme. Based on 
ea r l y  data obtained i n  the studies, t h e  l o g i c  f l o w  c l a s s i f i c a t i o n  was 
revised to  t he  form shown i n  F igure 1-3. The f o r m  w i l l  c e r t a i n l y  be 
revised again. I n  comparing Figures 1-2 and 1-3, the most notable 
observat ion t o  be made i s  t h a t  Figure 1-3 i s  tending back toward a 
ma t r i x  type o f  c l a s s i f i c a t i o n  system. For example, the blocks under 
managing a load are i den t i ca l  f o r  th ree d i f f e r e n t  categories. Th is  i s  
the  s t a r t  o f  a m a t r i x  invo lv ing  t he  ways of handl ing a load and the  
degree of r e s t r a i n t  and movement c u r r e n t l y  i n  e f f e c t  f o r  the astronaut. 
The ma t r i x  toward which the  system i s  evo lv ing i s  d i f f e r e n t  f rom the 
ones suggested above. 

The cur ren t  system, as shown i n  F igure 1-3, was intended t o  be 
exhaustive enough t o  cover t he  work i n  the  simulated performance o f  
weight less tasks and t o  cover the  work ac tua l l y  done i n  space thus far .  
I t  also meant to  cover the work i n  p lanning fo r  EVA tasks t o  be 
performed i n  space. 

The l o g i c  f l o w  system approach t o  c l a s s i f y i n g  tasks i s  i l l u s t r a t e d  
i n  Figures 1-4 and 1-8, which are taken from the task o f  assembl ing and 
e rec t ing  t h e  i n f l a t a b l e  module. 
load in  h i s  l e f t  hand as he a r r i ves  a t  t he  end o f  a ladder type o f  
locomotion a i d  and module e rec t i on  born. 
t o  the  parent mass--in t h i s  case, the  ladder--and he i s  not re-  
strained. 
package.) Thus, he i s  f ree a t  h i s  work s ta t ion.  
i s  not e n t i r e l y  c l ea r  from the  photograph, but  i s  known from the  
context. He i s  opening the  package conta in ing one piece o f  an i n f l a t a b l e  
module, which he i s  going to  erect. 

F igu re  1-4 shows the subject  w i t h  a 

He i s  s t a t i ona ry  w i t h  respect 

(Note the  unattached r e s t r a i n t  buckle t o  the l e f t  of h i s  
The subject 's  task  
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Figure 1-4. Example o f  Disassembly by a Subject Who 
Is Stationary and ot Restrained 
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Figure 1-5. Example o f  Pulling a Load While Stretching and Reaching 
When Restrained to the Work Station and Stationary 
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Figure 1-6. Example o f  Carrying a Load in Free Motion 
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Figure 1-7. F i r s t  o f  Two Photographs Exempl i fy ing Line Straightening, a Task 
Not Covered i n  the  C l a s s i f i c a t i o n  System Given i n  Figure 1-3 
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Figure 1-8. Second o f  Two Photographs Exempl i f y i n g  Line Straightening, a 
Task Not Covered i n  the C l a s s i f i c a t i o n  System Given i n  Figure 1-3 
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This puts the  task i n t o  t he  category of assembly, disassembly, and ad- 
justment, and i n t o  t he  subcategory o f  t h i s  type o f  work wi thout  too ls .  
c l a s s i f i c a t i o n  would ind ica te  t h a t  l i t t l e  force and considerable d e x t e r i t y  
are  requ i red i n  t h i s  task. 
and t ha t  h i s  l e f t  hand holds him t o  t he  parent mass, holds t he  package i n  
place, and holds p a r t  of the  cord  he i s  untying. 

Further 

Note t ha t  the  subject has a back-up sa fe ty  t e the r  

F igure 1-5 shows t h a t  the subject  i s  ( I )  s ta t ionary  w i t h  respect 
t o  the parent  mass, ( 2 )  res t ra ined  t o  h i s  work stat ion- the r e s t r a i n t  
buckle i s  attached to t h e  handle o f  the  C-clamp, (3) i n  the ac t  o f  
reaching and stretching,  (4) managing a load, ( 5 )  p u l l i n g  t h a t  load, and 
( 6 )  t h a t  t h e  load i s  rugged, i s  not voluminous, has a la rge  envelope, 
and has n e g l i g i b l e  mass. 
envelope, and mass w i l l  u l t i m a t e l y  be s t r i c t l y  quant i ta t ive .  

The c l a s s i f i c a t i o n  o f  load f r a g i l i t y ,  volume, 

F igure 1-6 shows t he  l a s t  o f  the simple c l a s s i f i c a t i o n  examples. 
the  subject i s  i n  motion. The crab walk along the locomotion 
a i d  occurred f requen t l y  i n  t h i s  study. Having put  the f i r s t  module i n  
place, he i s  b r i ng ing  t h e  second. The subject i s  i n  f r e e  motion and i s  
ca r r y i ng  a load. 
I n  addi t ion,  he i s  ho ld ing the package w i t h  h i s  r i g h t  hand, which he 
s l i des  along one s ide  o f  the  ladder type o f  locomotion a i d  wh i l e  he 
p u l l s  h imsel f  along w i t h  h i s  l e f t .  The f i n a l  step i n  the c l a s s i f i c a t i o n  
i s  t o  descr ibe the  load as being rugged and small w i t h  respect t o  volume, 
envelope, and mass. 

Note t h a t  h i s  r e s t r a i n t  i.s attached to  the  package. 

Figures 1-7' and 1-8 present a c l a s s i f i c a t i o n  problem. The ac t  
shown in  these f i gu res  i s  a l eg i t ima te  EVA t h a t  i s  not covered i n  
the cu r ren t  c l a s s i f i c a t i o n  scheme. The subject  i s  working t o  s t ra igh ten  
h i s  l ines.  H i s  umb i l i ca l  and safe ty  l i n e  becane fou led and, f o l l ow ing  
establ ished t e s t  procedure, he straightened them. The method shown in  
the two  f i gu res  seems unorthodox, but  proved very e f fec t i ve .  
h i s  s ingle- strap r e s t r a i n t  attached and spins around t o  s t ra igh ten  t he  
l ines.  F igu re  1-7 shows the subject  i n  a spin; F igure 1-8 shows him 
slowing himsel f  down dur ing the l a s t  turn. The task  of s t ra igh ten ing  
l i n e s  and i t s  var ious methods can e a s i l y  be added t o  the cur rent  
c l a s s i f i c a t i o n  scheme. When t h i s  i s  done, the l o g i c  f l ow taxonomy w i l l  
resemble a ma t r i x  type of taxonomy even more. 

He leaves 

DEVELOPMENT OF THE MATHEMATICAL MODEL 

The most evident  s imulat ion weakness i n  the water  immersion 
technique l i e s  i n  a s imula t ion environment t ha t  i s  extremely viscous 
One poss ib le  e f fec t  of t h i s  d i f fe rence  between the s i t u a t i o n  underwater 
and t ha t  i n  space i s  t h a t  the metabol ic r a t e  o f  the subject  working 
underwater w i l l  be composed o f  the  energy required t o  get  the work done 
in  space and the  energy required t o  overcome the drag e f f e c t s  o f  the  
water. Thus, one app l i ca t i on  o f  the mathematical model could be t o  
assume t h a t  the e f f e c t  j u s t  mentioned i s  the on ly  water  drag e f f e c t  
and t o  concentrate on co r rec t ing  the  observed metabol ic rates. Under 
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t h i s  appl icat ion,  the  metabol ic ra tes  taken from sub jec t 's  working 
underwater would be reduced by t he  amount o f  energy t h a t  would have been 
required to overcome the  underwater drag e f f e c t s  i n  doing h i s  work. 
Obviously, the e f f e c t s  o f  water damping a re  not  t ha t  simple. Water 
drag, f o r  example, w i l l  reduce t he  e f f o r t  requ i red by t he  subject 
t o  ho ld  h i s  pressure s u i t  i n  a p o s i t i o n  opposing t he  tendency o f  t he  
su i t .  I t  is a l s o  poss ib le  that  the water's damping o f  the  v e l o c i t i e s  
imparted t o  a locomotion a i d  o r  i n  the motion o f  a subject  would be 
h e l p f u l  i n  t h a t  he would n o t  have t o  expend as much energy t o  slow 
down o r  stop these ve loc i t i es .  Regardless of the d e t a i l e d  consequences 
o f  the  damping e f f e c t  o f  water, the  an l ys i s  given w i l l  be useful 
i n  de l inea t ing  the extent  o f  these damping e f fec ts .  

Due t o  a steady loss  o f  momentum t o  neighboring water layers, the  
damping forces imposed by the water upon the moving subject  tend t o  
constant ly  decelera e the  motion. No energy i s  required i n  space t o  
susta in  a motion o f  uniform speed because there is v i r t u a l l y  no re- 
ta rd ing  force;  the same motion is poss ib le  i n  water o n l y  when add i t i ona l  
energy i s  supplied. The sca l ing  analysis thus involves the  c a l c u l a t i o n  
o f  t h i s  add i t i ona l  energy expenditure f o r  overcoming water drag. The 
value o f  drag energy can then be scaled o f f  from the t o t a l  energy ex- 
pendi ture t o  ex t rapo la te  zero-gravity, zero-ambient-drag s i t ua t i ons *  

f 

To evaluate the  drag f o r ce  dur ing underwater maneuvering, i t  i s  
necessary t o  know the h i s t o r y  o f  the pos i t i ons  and v e l o c i t i e s  o f  every 
segment o f  t he  pressure-suited subject. Th is  i s  accomplished by employing 
accelerometer recordings of the segment j o i n t s  o f  the body. Such methods 
o f  measurement makes it poss ib le  t o  determine not  on ly  t he  segment 
t rans la t ions,  but  a l so  pure ro ta t i ons  about the cen t ro i d  o f  t he  segment. 
Because o f  the  r e s t r a i n t s  imposed by t he  pressure s u i t  and the concern f o r  
mission safety, EVA may we l l  be 1 imi ted t o  l o w  speeds, which a l s o  I i m i t  

o f  Reynolds numbers o f  underwater motions f o r  programmed tasks. 

I n  reference t o  drag ca lcu la t ions,  the present s t a t e  o f  the a r t  can 
on ly  inves t iga te  simple geometric shapes, such as e l l i p so ids ,  spheres, and 
cycl inders. Only by experiment w i l l  the  ca lcu la t ions  f o r  complicated 
shapes be possible. For t heo re t i ca l  study, a mathematical model, made 
up of  simple geometric shapes t o  represent the immersed body, seems t o  be 
t he  best approximation for  determining the a n a l y t i c a l  drag values. 
Abundant in format ion about the component shapes i s  avai lable.  Th is  
informat ion was used i n  connection w i t h  t he  simple f i g u r e  depicted i n  
F igure 1-9, to a r r i v e  a t  a method f o r  determining t h e  amount o f  energy 
needed t o  overcome the  drag o f  the  water .  

When a completely immersed body i s  in motion r e l a t i v e  t o  the water, 
i t  experiences a res is tance which may be termed "viscous drag," since 
the res is tance r e s u l t s  p r i m a r i l y  from the viscous p roper t ies  o f  water. 
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I n  general, the drag appears p a r t l y  as normal pressure drag and p a r t l y  as 
su r face- f r i c t i on  drag. The former r e s u l t s  from t h e  d i s t r i b u t i o n  o f  forces 
normal t o  the body surface; the l a t t e r  r e s u l t s  f r o m  t he  viscous res is tance 
o f  water p a r t i c l e s  against  displacement i n  r e l a t i o n  to each o ther  and to  
t he  surface o f  t h e  s o l i d  body. 

The Reynolds number, known as a parameter, s i g n i f i e s  whether the  
res is tance o f  t he  motion i s  dominated by pressure drag or f r i c t i o n  drag. 
I t s  cons t i tuen ts  are t h e  length and v e l o c i t y  V o f  the moving body, 
and the dens i ty  and v i s c o s i t y  o f  the  f l u i d .  Densi ty and v iscos i ty ,  
which are, respect ive ly ,  t he  measure o f  i n e r t i a  and o f  f r i c t i o n a l  
resistance t o  d i s t o r t i o n  o f  the  f l u i d ,  can be assumed t o  be constant i n  
the water s imulat ion study. The cons iderat ion o f  drag e f f e c t s  then 
depends mainly on the  shape and v e l o c i t y  of the pressure-suited subject. 

A pressure-sui ted subject  i s  d e f i n i t e l y  no t  a streamlined object .  
I t  may be i d e a l l y  t rea ted  as a composite body o f  simple geometric shapes, 
such as cy1 inders and e l  1 ipsoids, usua l l y  termed "b lunt"  objects. 
on average human stature,  the assumption may be made t h a t  the length of 
a moving, pressure-suited subject  should be 2 t o  7 f t  depending on a t t i t ude .  
Due t o  t he  performance cons t ra in ts  imposed by the  pressure s u i t  and regard 
f o r  the safety  o f  the crew i n  o r b i t a l  a c t i v i t i e s ,  the subject 's v e l o c i t y  range 
i s  ca lcu la ted between 0 and 1.75 fps. A t  a normal temperature of 6SoF, t he  
water has a kinematic v i s c o s i t y  V = p / p o i  1.25 x IOo5 sq f t  per  sec. The 
Reynolds number range f o r  the water immersion weight less s imulat ion o f  
t he  maneuvers o f  the pressure-suited astronaut can there fo re  be estimated 
as 

Based 

when1 = 2 ft, V = 0.01 fps, and I =  7 ft, V = 1.75 fps, respect ively.  
Such magnitude i s  commonly termed a *'high" Reynolds number. 

A t  h igh  Reynolds numbers, the viscous forces are important on l y  i n  
t he  very t h i n  boundary layers  c lose to  t he  moving subject. 
o f  the f l o w  behaves as i f  i n  an e s s e n t i a l l y  nonviscous f l u i d .  The 
boundary layer  i s  t he  reg ion o f  retarded flow; t he  motionless layer  
o f  water i n i t i a t e s  i t s  formation, Around a body of good "Streamlined 
shape," no separat ion o f  the  boundary layer  occurs. The normal pressure 
drag i s  usua l l y  very small. This drag r e s u l t s  from integrated e f f e c t  o f  
the normal components o f  the forces exerted by water over the e n t i r e  moving 
body. 
ac t ion  o f  t he  tangent ia l  components o f  the  forces. The surface f r i c t i o n  
drag may thus be estimated from boundary layer  theory. The c a l c u l a t i o n  
i s  greater if the  boundary layer  i s  t u rbu len t  than i f  it i s  laminar. For 
a b lun t  body, separat ion o f  the boundary layer  leads t o  a large normal- 
pressure drag, and the  sur face- f r i c t ion  drag becomes on l y  a small pro- 
p o r t i o n  of  the  t o t a l .  

The remainder 

Most o f  the drag is due to  surface f r i c t i o n  r e s u l t i n g  from the 
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Physical ly ,  the  separat ion o f  the boundary layer i s  caused by t he  
I rs ta l  1" phenomenon. 
the boundary-layer p a r t i c l e s  are  pushed by th,e f a l l i n g  pressure down- 
stream from the nose t o  the shoulder, which i s  the maximum thickness 
of the  b l un t  body. A streamlined body w i t h  a long tapered t a i l  has a 
moderate r a t e  of pressure r i s e  from shoulder t o  t a i l ;  i n  contrast ,  w i t h  
b l un t  ob jec ts  the r a t e  o f  pressure r i s e  from shoulder t o  t a i l  i s  so h igh 
tha t  the boundary- layer p a r t i c l e s  slow t o  a h a l t  and may be pushed back 
by the higher pressure a t  the  t a i l .  
forms downstream produces a pressure d i f fe rence  between t he  forward and 
rear p a r t s  o f  the body. Such a ne t  pressure drag connected w i t h  f low 
separat ion i s  usua l ly  many times greater  than the viscous drag due t c  
f r i c t i o n  a t  the surface o f  the body. 

When a b l un t  body moves through a s ta t ionary  f l u i d ,  

A broad eddying wake t h a t  consequently 

Moreover, the boundary layer w i t h  b l un t  ob jec ts  i s  laminar a t  
r e l a t i v e l y  l o w  speed, which is the case i n  performing the water-immersion 
s imula t ion a c t i v i t i e s .  The separat ion occurs somewhat e a r l i e r  upstream 
o f  the shoulder o f  the ob jec t ;  the boundary layer i s  widely separated. 
The r e s u l t i n g  wake has a pressure lower than t h a t  associated w i t h  the 
high-speed tu rbu len t  case. Hence, the pressure drag becomes r e l a t i v e l y  
h i gher. 

Complex in teract ions,  indeed, occur between the various components 
o f  drag; thus, many f ac to r s  must be considered i n  determining the damping 
e f f e c t s  o f  the water dur ing the performance o f  various simulated a c t i v i t i e s .  
Some fac to r s  are, f o r  instance, the surface roughness o f  the pressure s u i t  
and the exposure o f  the gas-supply breathing system in  the water. The 
foregoing discussion indicates, however, t ha t  f o r  low-speed motions i n  
water, the normal-pressure drag causes the damping e f f ec t .  I t  is,  
therefore, important t o  know the resu l tan t  o f  the pressure forces over 
the body i n  the l i n e  o f  undisturbed motion, o r  the v a r i a t i o n  i n  the 
pressure d i s t r i b u t i o n  around the body. The separat ion o f  the boundary 
layer and the wake format ion behind the moving body suggest t h a t  the 
dynamic pressure and the projected area normal t o  the motion are pe r t i nen t  
t o  the t o t a l  drag. 

The t o t a l  drag D i s  customar i l y  expressed a's 

D = C D q A  

where t he  dynamic pressure q = 1/2 pV2, and CD i s  the  drag coe f f i c ien t ,  V the  

v e l o c i t y  of the moving body, p t h e  densi ty  of  water, and A t he  p ro jec ted  area 
of t h e  body normal t o  V. The nondimensional constant C i s  a f unc t i on  of the  

Reynolds number, determined experimental ly.  For simple geometrical shapes, 

I n  regard t o  drag c o e f f i c i e n t  f o r  the  human body, on ly  1 imi ted research has 
been c a r r i e d  out. 

D 

' C vs Reynolds number curves are read i l y  ava i l ab le  i n  numerous textbooks. D 
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Hoerner (ref.  19) summarized the resu l t s  obtained by Schmi t t ' s ( r e f .  20) 
wind-tunnel invest igat ion,  Hoerner showed tha t  the drag c o e f f i c i e n t  o f  an 
average c lo thed man i n  a wind-tunnel speed o f  100 t o  200 fps i s  between 1.0 
and 1.3 f o r  the  standing pos i t ions,  and 5 t o  IO percent less w i thou t  c l o th ing .  
Most recently, Trout, Loats, and Ma t t i ng l y  ( r e f .  21) have included i n  t h e i r  
repor t  a number o f  drag-vs- veloci ty curves f o r  the pressure-sui ted subject  
performing both the a i r c r a f t  zero- grav i ty  t r a j e c t o r y  and water-immersion 
simulations. Based on t h e i r  work, the values o f  the  drag area were ca lcu la ted  
by 

Table 1 - 1  l i s t s  the  r e s u l t s  obtained i n  d i f f e r e n t  tests.  The pressure- 
su i ted  subject  s imulat ions i n  t r a j e c t o r y  f l i g h t  and water immersion seem 
t o  supplement Schmitt 's wind- tunnel i nves t i ga t i on  of  the  c lo thed subject. 

By t h e  p r i n c i p l e  of dynamic s i m i l a r i t y ,  i t  i s  there fo re  concluded 
from the  two ava i l ab le  sources t ha t  t he  drag c o e f f i c i e n t  C for the  
standing p o s i t i o n  o f  the human body immersed i n  water i s  between 1.0 
and 1.3 when the v e l o c i t y  o f  motion i s  below 2 fps. As the  comparison 
showed, the  s i z e  of  the  subject, e i t h e r  c lo thed or pressure-suited, seems 
to  have no e f f e c t  on the  magnitude o f  the drag c o e f f i c i e n t .  

D 

Before the accumulated in format ion on drag c o e f f i c i e n t s  can be used 
i n  the water-immersion s imulat ion,  i t  i s  advisable t o  narrow down the  
range o f  1.0 t o  1 .3  and t o  determine s p e c i f i c a l l y  i t s  values f o r  var ious 
maneuvering pos i t ions .  For improving the accuracy of  sca l ing  and the 
p r e d i c t i o n  o f  actua l  space condit ions, f u r t h e r  d e t a i l e d  drag t e s t s  i n  
t he  water a re  necessary. 
cu la ted by us ing an average VH/S equal t o  0.74 f t2 of  subjects l through 
8. 
t o  e x i s t  i n  a programmed task. U n t i l  accurate C values for  complicated 
maneuvering a t t i t u d e s  are avai l a b l e  from elaborape drag t e s t s  i n  water, 
these data can be adopted f o r  determining the approximate CD value i n  
p re l im inary  model analysis. The c a l c u l a t i o n  of pro jec ted  areas, A,  fo r  
the l i s t e d  pos i t i ons  becomes poss ib le  w i t h  the model. The drag c o e f f i c i e n t  
i s  given by the equation 

The average value o f  drag areas can be ca l-  

Table 1-2 includes on l y  the values o f  those pos i t i ons  which are l i k e l y  
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TABLE 1 - 1  

COMPARISON OF DRAG AREA* 

AD = CD A = -  F T ~  
9’ 

Body Pos i t i on  

Standing 

S i t t i n g  

Sup i ne 

I I I I 1 
*In a r r i v i n g  a t  t h e  resu l ts ,  the  d e n s i t i e s  p = 1.94 l b -sec / f t4  and 

= 0.7385 x 0.00176 l b -sec / f t4  for a l t i t u d e  o f  10,000 f t  have P a i r  
been assumed 

water 

Yaw Angle, 
AD de9 

0 8 . 7 0  

0 5 . 7 4  

I80 0.962 

TABLE 1-2 

AVERAGE DRAG AREA’e OF CLOTHED SUBJECTS I THROUGH 8 ,  AD, FT2 

*Due t o  the  s u i t  const ra in ts ,  i t  i s  u n l i k e l y  tha t  any 
o f  the two squat p o s i t i o n s  of Schmit t ’s  i n v e s t i g a t i o n  
can be achieved. 
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THE MATHEMATICAL MODEL 

As an e n t i r e  body, the pressure-sui ted subject  represents a compl i- 
cated shape. When i t  maneuvers i n  water, the complexity of  t he  motions 
f u r t h e r  increases the d i f f i c u l t y  o f  analyzing t h e  damping e f f e c t s  o f  t he  
water-immersion simulat ion. The t o t a l  drag f o r ce  might be put  i n  terms 
o f  the  equivalent  v e l o c i t y  a t  the  instantaneous mass center o f  the body. 
Knowledge o f  the o r i e n t a t i o n  and r a t e  o f  the  var ious components o f  the 
body i s  then required. If the damping e f f e c t s  are invest igated on a 
component-by-component basis, however, the problem is more e a s i l y  
solved. Based on the superposi t ion p r inc ip le ,  the evaluat ion o f  
drag force can then d i r e c t l y  make use o f  the o r i e n t a t i o n  and r a t e  o f  
the component. 

With more accuracy but  avoiding unnecessary complexit ies, a 
mathematical model of the pressure-suited subject composed of n ine segments 
has been developed. 

a. Helmeted head, torso, and backpack tank 

b. Righ upper arm 

c. L e f t  upper arm 

d. 

e. L e f t  lower arm and hand (g love) 

f .  R igh t  upper leg  

g. L e f t  upper l eg  

h .  
i. Le f t  lower leg  and f o o t  (boot )  

R ight  lower arm and hand (g love)  

R ight  lower l eg  and foot (boot )  

F igure 3-9 shows t h e  model schematicallv. 
the f o l  lowing assumptions a re  made. 

I n  a r r i v i n g  a t  these d iv i s ions ,  

a. The backpack tank i s  r i g i d l y  attached t o  the  subject 's  torso. 

b. Due t o  the  cons t ra in ts  imposed by the su i t ,  the r e l a t i v e  move- 
ment between head and torso, lower arm and hand, lawer leg  and 
foot i s  n e g l i g i b l e  or i t s  con t r i bu t i on  to the t o t a l  drag i s  
small. 

As shown i n  Figures 1-10 through 1-12, the segments are assumed 
r i g i d ,  homogeneous bodies o f  simple geometric shape,hinged a t  f i x e d  p i v o t  
po in ts  to  resemble the  human body. The dimensions o f  these segments can 
be ca lcu la ted when the dimensions o f  t he  pressure s u i t  and backpack tank 
l i s t e d  i n  Table 1-3 are given. 
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/ ? 
X 

dx 

5 2  

A-22107 

Figure 1-10. Torso and Backpack Box, With Positions for 
Attachment of  Accelerometers 



(a )  UPPER ARM (b) LOWER ARM 

( c )  HAND (GLOVE) 

A-22106 

Figure 1 - 1  I. A r m  and Hand o f  Mode1 
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( a )  UPPER LEG 

"FT 

(b) LOWER LEG 

(c )  FOOT (BOOT) 

A- 22 IO8 

Figure 1-12. Leg and Foot o f  Mode1 

-. 
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TABLE 1-3 

DTK 

B TK 

HTK 

DIMENSIONS OF PRESSURE SUIT AND BACKPACK 

Tank depth 

Tank b read t h 

Tank he ight  

CHESB 

CHESD 

ELBWC 

F I S T C  

H FT 

H LW 

HMC 

SAL 
SAU 

S FT 

SLL 

s LU 

STS 

THIHC 

TO EW 

UARMC 

WAISD 

WRISC 

XNEEC 

Pressure Su i t  

Ankle circumference 

Chest breadth 

Chest depth 

Elbow circumference 

F i s t  circumference (glove) 
Boot height  

Boot heel w id th  

Helmet circumference 

Lower arm length 

Upper arm length 

Boot 1 eng t h 

Lower 1 eg 1 eng t h 

Upper l e g  length 

Torso height  

Thigh c i  rcumference 

Boot toe width 

Axi 1 l a r y  arm circumference 

Waist depth 

W r i s t  circumference 

Knee circumference 

Backpack Tank 

31 



Model geometry i s  summarized below. 

a. Segment No. I (Figure(1-10) 

( I )  Helmet, sphere 

I 
= ; (HMC) 

( 2 )  Torso and backpack tank 

s ,  = s, + s, 

= CHESD 3. DTK 

s 2  = (STS + HTK) 
2 

. - I  s3  - (CHESB + BTK) 

b. Segments No. 2 and No. 3 (Figure ( 1 - 1 1 )  

Upper arm, r i g h t  c i r c u l a r  cone 

1 D~~ = ;T (UARMC) 

oAM = ;; I (ELBWC) 

FL2? 3 = (SAU) 

c .  Segments No. 4 and No. 5 (Figure ( 1 - 1  I ) 

( I )  Lower arm, r i g h t  c i r c u l a r  cone 

I = ;; (ELBWC) 

DAL = ;; I ( W R I S C )  

= (SAL) 
495 

FL 

( 2 )  Hand (glove),  sphere 

I 
= ; (FISTC) 

(1-4) 

( 1-7) 

( 1 - 8 )  

( 1 - 9 )  

(1-10) 

( 1 - 1 1 )  

( 1 - 1 2 )  

(1-13) 

( 1 - 1 4 )  
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d. Segments No. 6 and No. 7 (F igure  1 - 1 2 )  

Upper l eg ,  r i g h t  c i r c u l a r  cone 

I 
LU rr 

0 = - (THIHC) 

DLM = ; I (XNEEC)  

FL,,7 = (SLU) 

e. Segments No. 8 and No. 9 (F igure  1- 12 )  

I 
DLM = i; (XNEEC) 

I 

( I )  Lower leg - r i g h t  c i r c u l a r  cone 

= - (ANKC) lT 

FL8,9 = (SLL) 

(2) Foot (boot) ,  rectangular  block w i t h  rounded 
ends 

= (HFT) FT 

sFr 

'FT - 2  

= (SFT'I 

- - I [(TON) + (HLW)] 

1-15 

1-16 

1-17 

1-18 

1-19 

1-20 

1-21 

1- 22 

1-23 
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SCALING LAWS 

The same tasks performed i n  space w i l l  be ca r r i ed  out  underwater; the 
corresponding metabol ic ra tes  w i l l  then be ca lcu la ted  w i t h  the co l l ec ted  
phys io log ica l  data. Concurrently, t he  motion h i s t o r i e s  of  tasks w i l l  be 
recorded w i t h  accelerometers. For pre l iminary  study, the damping e f f e c t s  o f  
water can be considered as the so le  d i f fe rence  between the  simulated under- 
water environment and the  weight less space environment. The metabol ic  ra tes  
co l l ec ted  from underwater s imula t ion can be taken as EMw; and EMS, those i n  

space. 
water maneuverings due t o  drag, the  sca l ing  l a w  w i l l  then be 

Furthermore, i f  ED i s  t he  add i t i ona l  energy consumed dur ing  under- 

EMW ED (1-24) 

Thus, the need a r i ses  f o r  de r i v i ng  mathematical equations for t he  eva luat ion 
of drag energy E . 
subject, t he  s i m b l  i f i e d  geometry o f  t h e  segments, together w i t h  the recorded 
motion h is tory ,  should provide enough informat ion for the drag fo rce  o f  Equation 
( 1  - 1  ) and, consequently, f o r  the drag energy by i n teg ra t i ng  the  fo rce  over 
the d is tance the segments traversed. Detail 'ed de r i va t i on  o f  t h i s  ED equation 
i s  discussed below. 

With the mathematical model t o  approximate the  su i ted  

Besides metabol ic rates, dura t ions o f  various tasks performed i n  space 
must a l so  be predicted. 
external  guidance system), which can be ca l i b ra ted  t o  serve as coordinate 
frames, be used, accurate time-distance tab les  f o r  every task  can be planned 
i n  advance. Through s u f f i c i e n t  underwater t ra in ing ,  the  subject  can be 
expected t o  complete t he  tasks i n  space i n  due time. That is, t ime w i l l  no t  
be a s imula t ion parameter. Demanding the  same performance t ime i n  both 
environments w i l l  d e f i n i t e l y  make i t  harder f o r  the subject  t o  accomplish 
the mission underwater. I n  any event, the add i t i ona l  e f f o r t  required w i l l  
be evident  i n  ED. 
success i n  de r i v i ng  a r e l i a b l e  E equation. 

t i o n a : ( t : )  a t  the j o i n t s  o f  segments i = I ,  2, 3 , . . . ,  l l  ?Figure 1-13) are 

Since i t  i s  suggested t h a t  the  work p la t fo rm ( t he  

Clear ly ,  the whole s imula t ion problem depends c h i e f l y  on 

D 

I f  the dura t ion  o f  performing a programmed task i s  t and the accelera- 

given 'at' t ime t l  = 0, t2, t3>..., tj, -.., tm, tmtl = td' 
d e f i n i t i o n ,  

With the 
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t h e  r e s u l t  i s  

(1-26)  

The time increments A t .  can be equal or unequal, as desired. 
J 

By d i r e c t  i n t eg ra t i on  o f  the acce le ra t ion  vectors :.(t.) and by use o f  

the i n i t i a l  p o s i t i o n  and v e l o c i t y  vectors Yi(o) and Y . ( o ) ,  the p o s i t i o n  and 

v e l o c i t y  vectors of  the j o i n t s - i  = I, ...& 1 1 ,  a t  t ime t j  a re  r e a d i l y  obta in-  
able. They are designated as X i ( t . )  and V . ( t . ) .  I n  a t y p i c a l  segment AB 

(Figure l - t4 ) ,  the  j o i n t  v e l o c i t y  vectors a re  known a t  t he  ends. 
vector  o f  a d i f f e r e n t i a l  segment x distance away from end A i s  then given by 

I J  

I 

J I J  
The v e l o c i t y  

- A-x - x -  v + - v  
vX 1 A a B  

- -  - (1-27) 

The energy expenditure on drag can be evaluated on an i n te r va l - by- in te r va l  
the drag force a c t i n g  on the surface of  the d i f f e r e n t i a l  basis. Dur ing A t  

segment i s  j ’  

(1-28) 

where AA i s  the p ro jec ted  area of the d i f f e r e n t i a l  l a t e r a l  surface normal 
t o  Vx. 

W(x) as the p ro jec ted  w id th  o f  the per imeter of  cross- sect ion C(x) (F igure 1-13) 
normal t o  the v e l o c i t y  component Vxc i n  the plane of  the cross-section, the 

pro jected area AAx can then be expressed as 

Tfie segments are assumed t o  have vary ing cross-sections. By d e f i n i n g  

w(xl I tVxxrOt I 
AAx = W ( X )  Ax*SIN e = AX 

I l V ,  I I  
( 1-29) 

x -  - 
P x -  - 

where r = _a ( rB - rA) = 7 rAB 

For segment AB, the energy expended to overcome the drag dur ing  A t  
be evaluated by the equation 

can now j 

where ASx i s  the d is tance t raversed by AA i n  the d i r e c t i o n  of 

By l i m i t i n g  process Ax 4 dx and s u b s t i t u t i n g  AAx, the energy-expending 

ra te  dur ing A t  i s  found t o  be 

X X 

j 
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A-221  I 1  

Figure 1-13. Positions for Attachment o f  Accelerometers 
in Three Perpendicular Directions 
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Figure 1- 14 .  Veloc i ty  and Cross-Section Var ia t ions  Along 
the A x i s  of  Body Segment 
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I t  can be e a s i l y  shown tha t  i n  terms o f  

a lso be w r i t t e n  i n  the fo l l ow ing  simple form 

P and RA, %, the  equation may A' B 

2 - - - VB I I  1 
A 

VA (vB - vA) 

where A = I I V 

B = 
2 -  

- 
c = I 1  VA 1 1 2  

and 

- I 
a = I I  (vA - iB )  (jiB - iiA) 1 1 ~  

- - 
c = I 1  VA x (XB - X A )  I t 2  

Clearly, the t o t a l  energy spent on drag o f  the whole model i s  the summation 
o f  the n ine segments by in tegra t ing  the time va r i ab le  over the task durat ion 
td, t h a t  is ,  

E =  D 

'dak x 2  + b x + c d x d t  
k k 

(1-33) 

where kk'S are 

added t o  W and 

the length o f  segments. As can be seen, subscr ipts k have been 

t he  c o e f f i c i e n t s  A, B, C and a, b, c s ince d i f f e r e n t  segments 
may have d i f f e r e n t  cross-sect ion var iat ions,  and the v e l o c i t y  and p o s i t i o n  
h i s t o r i e s  o f  t h e i r  end j o i n t s  c e r t a i n l y  d i f f e r .  The drag c o e f f i c i e n t  C a D' 
f unc t ion  o f  the a t t i t u d e  and v e l o c i t i e s  o f  component segments, i s  there fore  
expressed as a func t ion  o f  time. That W, A, B, C, a, b,and c are, i m p l i c i t l y ,  
funct ions o f  t ime i s  evident. 
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The ED by Equation (1-33) i s  approximate. The der i va t ions  show on ly  the  

p a r t  o f  energy cont r ibuted by drag along t he  l a t e r a l  surfaces of segments. 
The more de ta i l ed  drag energy r e s u l t s  from the component fo rce  normal to  
the shoulder f r o n t a l  area, and t o  the  gloves, boots, and helmet can be 
found i n  Appendix D, Par t  1 .  The c a l c u l a t i o n  are based mainly on Equation 
( t  -30). 

ED o f  packages t h a t  the subject  may car ry  w i l l  be added t o  the  t o t a l  

ED when t he  con f igu ra t ions  o f  the packages have been defined. 

COMPUTER PROGRAMS 

Computer programs have been w r i t t e n  t o  f a c i l i t a t e  implementation o f  
The program comprises a main program and seven sub- 

Program statement 1 i s t i ngs ,  coded i n  the FORTRAN I I language 
the sca l ing study. 
programs. 
compatible w i t h  the ISM 7074 computer ava i l ab le  a t  AiResearch, appear i n  
Appendix D, Par t  2.  Appendix D, Part  3 presents the f low charts. 

MAIN PROGRAM 

The main program i n i t i a l  izes the data needed i n  the scal ing study 
by de f i n i ng  physical  constants and reading i n  input s u i t  dimensions and 
motion h i s t o r i e s .  
u t i 1  i z i n g  Equations 1-4 through 1-23. 
provided, i t  ca lcu la tes  the drag energy and p r i n t s  out  the scaled resu l t .  

Subsequently, i t  generates the segment models by 
F ina l l y ,  by using the subprograms 

INPUT FORMAT 

A l l  input  data should be punched on IBM 80-column standard cards. 
The format should be as f o l  lows: 

Cards 1 t o  3 conta in  the dimensions o f  the pressure s u i t  and back- 
pack box def ined i n  Table 1-3. 

Card I :  Format (IOF8.2) 

F i e l d  I :  ANKC 

2: CHESB 

3: CHESD 

4 :  ELBWC 

5: FISTC 

6: HFT 
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7: HLW 

8: HMC 

9: SAL 

IO: SAU 

Card 2: Format ( IOF8.2) 

F i e l d  I :  

2: 

3; 

4: 
5: 

6: 

7: 

8: 

9: 

IO: 

SFT , 

SL L 

SL u 
ST S 
THIHC 

TOEW 

UARMC 

WAISD 

WRISC 

XNEEC 

Card 3: Format (IOF8.2) 

F i e l d  I :  DTK 

2: BTK 

3: HTK 

Cards 4 t o  I4 conta in  i n i t i a l  ve loc i t y  and pos i t i on  vectors o f  
j o i n t s  I through I1 (Figure 1-13) (Format (IOF8.2)). 

F i e l d  I :  VOI x component o f  i n i t i a l  ve loc i t y  

2 :  VO;! y component 

3 :  V03 z component 

4: XO, x component o f  i n i t i a l  p o s i t i o n  

5 :  X O p  y component 

6: XO3 z component 

Card 15: Format (1615) 

F i e l d  I :  NOT number of t ime increment t h a t  i s  m i n  Equation (1-26) 

Time i n t e r v a l  cards: Format (IOF8.2) 

Use as many cards as necessary; each f i e l d  contains a A t  where 
j = I ,  2, . . ., m. j’ 
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Metabol i c  r a t e  h i s t o r y  cards: Format (IOF8.2) 

Use as many cards as necessary; each f i e l d  contains a (AEHw)j, 
where j = I ,  2, . . ., m. 

Accelerat ion cards: Format ( IOF8.2) 

Each f i e l d  contains a A ( j , j t , i ) ,  where j ( t ime  increment index) runs 
from I t o  m, j t  ( j o i n t  index) f r a n  I to I 1  and i (component index) 
from I t o  3. Using as many cards as necessary, data should be 
arranged i n  the fo l l ow ing  order,  

SUBPROGRAM 

Subroutine ABC 

k, Bk, Ck, ak, bk and c Calculate A f o r  k = I ,  * * *  , 9 def ined i n  k 
Equations (0-5) t o  - (&lo ) .  

Cal l  i n g  sequence: 

CALL ABC (AL,AS) 

where AL(I,k) = Ak 

AL(2,k) = Bk 

AL(3,k) = Ck 

k AS(I,k) = a 

AS(2,k) = bk 

AS(3,k) = ck 

Subroutine EQSOL 

Solve systems of l i n e a r  equations AX = B, where A,-X, B a re  (N, N!, (N,  I )  
and (N,  I )  matrices, respect ive ly .  I t  i s  used t o  solve w I  i n  Equation ( 0 - 3 3 )  
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C a l l i n g  sequence: 

CALL EQSOL (A, N, X )  

where A i s  dimensioned A(N, N + I )  w i t h  A ( i ,  N + I )  = B ( i )  f o r  i = I, 
2, . ., N. Input  parameters a re  A and N;  the output parameter i s  X. 

Subroutine SIMPN 

Perform the numerical in tegra t ions  o f  Equation (1-33) by Simpson's ru le.  

C a l l i n g  sequence: 

CALL SIMPN (XL, NPT, NTIME, CQEF, AL, AS, SUM) 

where XL = A segment length  
k 

NPT = Number o f  po in ts  adopted f o r  numerical i n teg ra t i on  

NTIME = An ind i ca to r  determining whether o r  no t  CGEF have t o  be 
generated 

CQEF = Weighting constants ( 2  and 4 )  f o r  the Simpson method, 
o n l y  generated once when NTIME = 2 

AL = See Subroutine ABC 

out ine  ABC AS = See Sub 

SUM = The ca culated r e s u l t  o f  i n teg ra t i on  

Sub rout  i ne VANDX 

Input  acce le ra t i on  vectors, i n i t i a l  v e l o c i t y  and p o s i t i o n  vectors of the 
body j o i n t s ,  and the time increments t o  ca l cu la te  the v e l o c i t y  and p o s i t i o n  
vectors o f  the j o i n t s  a t  the end o f  every t ime increment. 

Ca l l  i ng  sequence: 

CALL VANDX (A, VO, XO, DT, NDT, V, X)  

where, a l l  a t  the body jo ints ,  

A = Accelerat ion vectors 

VO = I n i t i a l  v e l o c i t y  vectors 

XO = I n i t i a l  p o s i t i o n  vectors 

DT = Time 'ncrement ar ray  

NDT = Number o f  t i m e  increments 
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V = Ve loc i t y  vectors a t  end o f  every time increment 

X = Pos i t i on  vectors a t  end of every t ime increment 

Function CD ( IT ) -  

Determine the value o f  drag coe f f i c i en t s  a t  the end o f  t i m e  increment 
Before accurate t e s t  data become ava i lab le ,  C i s  se t  equal t o  I f o r  * IT '  D 

a l l  cases a t  a l l  times. 

Funct ion WABC ( X ,  AL, AS) 

Calcu la te  the integrand o f '  the i n teg ra l  i n  Equation (1-32) when X, AL, 
and AS are  given (See Subroutine ABC f o r  AL and AS). 

Function WX ( X )  

Ca lcu la te  W ( X )  o f  the  segments def ined i n  F igure 1-14. 

COMPUTER TIME AND OUTPUT FORMAT 

The l i s t e d  programs have been compiled and tes ted  i n d i v i d u a l l y .  Since no 
actua l  data of underwater maneuvering a re  ava i l ab le  a t  t h i s  stage of analysis,  
the whole program cannot be tested. As a resu l t ,  no computer t ime est imate 
can be made. 

For the same reason, the output  format i s  p r i m i t i v e .  By us ing  FORMAT 
(IP4E15.5/), i t  cons is ts  o f  p r i n t i n g  ou t  A t  ( A E  ) ., (AED)j,and ( A E  ) 

h i s to r i es .  The format w i l l  be elaborated as l a t e r  need ar ises.  
j' MW J MS j 

CONCLU S I O N  AN D RE COMMEN DAT I O N  

The model ana lys is  has success fu l l y  der ived an equat ion for eva lua t ing  
the add i t i ona l  energy consumed due t o  d raawh ich  i s  assumed t o  be the main 
d i f f e rence  between the s imulated underwater environment and the weight less 
space condi t ions.  To p r e d i c t  the metabol i c  r a te  of performing tasks i n  space, 
a sca l i ng  law i s  thereby establ ished. The method f o r  eva lua t ing  the drag 
energy i s  by continuous i n teg ra t i on  over the whole body o f  the su i t ed  sub ject  
and a l s o  over the surface o f  the packages the sub ject  may carry.  The method 
w i l l  consider the body t rans la t ions ,  as w e l l  as r o t a t i o n s  about the cen t ro i d  
of body segments. Although the approximate mathematical model has been con- 
s t ruc ted  t o  f a c i l i t a t e  development o f  the scal i ng  law, the i n t e g r a t i o n  
equat ion i s  g iven i n  terms o f  W(X) .  
t o  make d i r e c t  use o f  the ex te rna l  con f i gu ra t i on  o f  the pressure s u i t .  

I f  desired, t he  ana lys is  can be extended 

I t  i s  f e l t ,  however, t h a t  for p re l im ina ry  study o f  underwater s imulat ion,  
the present setup su f f i ces  t o  generate accurate r e s u l t s  w i thou t  adding 
unnecessary compl icat ion t o  the computer program. 
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Within the scope o f  motions study, the approach presented represents 
the best  s t a r t  f o r  the underwater s imula t ion  analys is .  
s imulated resul ts ,  o ther  aspects o f  sca l i ng  no t  now evident  w i l l  undoubtedly 
reveal themselves. The methods f o r  f u r t h e r  remedying o f  the problem w i l l  be 
introduced a t  t ha t  time. 

During ana lys is  o f  the 

For accurate appl i c a t i o n  of the developed method, re1 i ab le  input  data 
w i l l  be required. The prev ious ly  suggested combination o f  accelerometers and 
f i l m  h i s t o r i e s  o f  motion w i l l  need subsequent d i g i t i z i n g  o f  the motion data 
t o  be compatible w i t h  t h e  I B M  d i g i t a l  computers. Manual conversion would 
undoubtedly be extremely i n e f f i c i e n t  and time-consuming. Hence, an automatic 
device capable o f  generat ing the d i g i t a l  input  i s  recommended. 

The Data Acqu is i t i on  System (DAS)  seems to be a s o l u t i o n  t o  the problem. 
AiResearch has successfu l ly  employed the DAS i n  support o f  the Lunar Excursion 
Module p r o j e c t  and i n  c a r r y i n g  out  the A i r  Force Engine Analyzer program. 
These systems a re  designed t o  d i g i t i z e  the measurements sensed by the t rans-  
ducers and t o  record the data on a standard 1-1/2 m i l ,  l /2 - in . ,  polyester-base 
magnetic tape. Th is  method would use the I B M  binary-coded decimal d i g i t a l  
format. I f  the DAS i s  adopted, a tape conta in ing  t h e  motion in format ion o f  
the body j o i n t s  can be d i r e c t l y  read i n  by the computer t o  ca l cu la te  drag 
energy. 

I t  i s  ind ica ted i n  the subprogram FUNCTION C D  t h a t  CD r= I has temporar i ly  

been se t  f o r  a1 1 a t t i  tudes. For producing accurate scal  i ng  resul ts ,  e laborate 
drag tes ts  have been recommended. Experiments should be conducted t o  determine 
the drag c o e f f i c i e n t s  o f  sane const i tuent  att i tudes,moving a t  var ious ve loc i t i es ,  
p e r t i n e n t  t o  the scheduled movements o f  underwater tasks. Test r e s u l t s  would 
then enhance i n t e r p o l a t i o n  o f  the other  a t t i  tudes. 

Since the lack of actual  data on underwater maneuvering makes i t  impossible 
t o  check out  t h e  whole computer program, i t  i s  recommended tha t  an input  tape 
be constructed t o  simulate actual  input  and serve as a t e s t  o f  the program. 
This i s  essent ia l  i f  the program i s  t o  be completely checked out  and ready to  
use before data co l l ec ted  i n  the experimental phase o f  the study are  ava i l ab le  
and awa i t ing process ing. 

DEVELOPMENT OF A PLAN TO VERIFY THE DRAG MODEL AND TO COLLECT 
CONTINUOUS DRAG ENERGY DATA 

The mathematical model o f  ana lys is  o f  underwater s imula t ion  indicated a 
need f o r  add i t i ona l  experiments t h a t  had prev ious ly  not  been ant ic ipated.  
became evident  whi le  s tudying the model and i t s  p o t e n t i a l  use t h a t  experimental 
t e s t s  f o r  determining ac tua l  drag c o e f f i c i e n t s  o f  underwater movements would be 
a necessary supplement t o  the prev ious ly  t h e o r e t i c a l  drag data. The d e s i r a b i l i t y  
o f  a method f o r  c o l l e c t i n g  drag energy data cont inuously and on-1 ine i n  the same 
manner t h a t  the  metabol ic data i n  t h i s  study were co l l ec ted  a l so  became obvious. 

I t  
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The plans f o r  achieving the mathematical model v e r i f i c a t i o n  and f o r  
performing continuous drag data col l e c t  ion are summarized i n  the next paragraphs 
and given i n  greater  d e t a i l  i n  AiResearch Report No. LS-66-0879, a formal repor t  
submitted dur ing the per iod  o f  performance o f  t h i s  program. 

would be co l l ec ted  for t he  determinat ion o f  metabol i c  rates. 
the drag-energy ca l cu la t i ons  requ i re  the  recording of  a motion h i s t o r y  o f  
a l l  the segments of the pressure- sui ted subject. Movies taken i n  th ree  
perpendicular d i r e c t i o n s  could be used f o r  eva luat ing the  cen t ro id  vel-  
o c i t i e s  of body segments and t o  ca l cu la te  the drag energy on an average basis. 
O r i g i na l l y ,  i t  was bel ieved t h a t  by examining a sequence o f  movie frames 
based on p o s i t i o n  changes, the average v e l o c i t i e s  a t  cent ro ids could be 
roughly estimated. Obviously, the f i n a l  drag resu l ts ,  so derived, w i l l  be 
i n  e r r o r  to  a h igh  degree. The i n teg ra t i on  method employed i n  t he  model 
analys is  needs o n l y  accelerometer or potentiometer readings a t  body j o i n t s .  
By d i r e c t  use of  these data,methods o f  f i nd ing  the  ve loc i t y ,  the  pro jected 
area normal t o  the ve loc i t y ,  and consequently the drag fo r ce  have been devel- 
oped and f u l l y  discussed i n  the analys is  contained i n  LS-66-0879. 

While simulated tasks are being performed, phys io log ica l  measurements 
I n  addi t ion,  

Precise drag coe f f i c i en t s  a re  a l s o  needed i n  the drag-energy calcu- 
la t ions ,  i n  add i t i on  to  the phys io log ica l  measurements and mot ion- history 
recordings. Shape and v e l o c i t y  of a subject  i n  a f l u i d  determine the value 
o f  drag coef f ic ients .  Since, dur ing underwater maneuverings, t h e  a t t i t u d e  
and v e l o c i t y  of the subject  are con t i nua l l y  changing, d rag- coef f i c ien t  
va r i a t i ons  i n  t ime should be produced i n  accordance w i t h  the associated 
h i s t o r y  of motions. A survey of l i t e r a t u r e  on drag c o e f f i c i e n t s  ind icates 
t h a t  most ava i l ab le  data are for  simple geometric and streamlined shapes 
o r  f o r  la rge  f i s h ,  accumulated mainly by NASA and the  a i r c r a f t  industry.  
Even though the  mathemat i c a l  model o f  su i ted subject  i s  approximated by 
simple geometric shapes, lack o f  a superposi t ion law demands t h a t  ex- 
perimental t e s t s  o f  composite bodies be ca r r i ed  o u t  because o f  t he  unknown 
in te r fe rence  drags. 
i s  avai lable,  these data are l i m i t e d  t a  c e r t a i n  spec i f i c  a t t i tudes ,  making 
necessary more e laborate t e s t s  on a v a r i e t y  o f  a t t i t u d e s  a t  d i f f e r e n t  
v e l o c i t i e s  i n  water. These a t t i t u d e s  and v e l o c i t i e s  should be p e r t i n e n t  
t o  the  scheduled movements o f  the underwater tasks planned. Spec i f i ca l l y ,  
i t  i s  des i rab le  to const ruct  f a m i l i e s  o f  d rag- coef f i c ien t  curves so 
arranged t h a t  by knowing the  motion h i s t o r i e s  o f  t h e  tasks concerned, 
determining t he  drag c o e f f i c i e n t  becomes a matter of  mult idimensional 
in te rpo la t ion .  

Although some informat ion on drag on the human body 

To record the motions h i s t o r y  o f  t he  underwater maneuverings, p rev ious ly  
i t  was thought t h a t  the curve readings o f  t he  accelerometers attached t o  t he  
pressure su i t ,  together w i t h  movies taken from three perpendicular d i rec t ions ,  
would prov ide a continuous supply o f  data needed for  the  sca l i ng  study. 
However, acce le ra t ion  o r  v e l o c i t y  curves a t  three perpendicular d i r ec t i ons  
must be generated f o r  each j o i n t  o f  the immersed body. To make the  drag- 
energy ca l cu la t i ons  by the  i n teg ra t i on  method, these curves have t o  be 
manually converted i n t o  d i g i t a l  input, s u i t a b l e  for  the  model analys is  
computer programs. Because t h i s  task would be extremely i n e f f i c i e n t  and 
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time consuming, an automatic device capable o f  generating the digital 
input is required, This requirement is fulfilled by a data acquisition 
system (DAS)  which has been successfully used by AiResearch in support of 
the lunar excursion module project and in carrying out the Air Force 
engine analyzer program. 

This system i s  designed to digitalize the measurements sensed by the 
transducers and to record the data on a standard I-1/2-mil-thick, 
1/2-in.-wide polyester-base magnetic tape by using the IBM binary- 
coded decimal (BCD)  digital format. The BCD format is one of the most 
standard computer languages currently being used in the industry. A 
data acquisition system provides the necessary information compatible 
with the existing tape readers and digital computers. 
existing DAS for data collection of underwater maneuverings will resuit 
in increased data reliability and reduced operational costs. 

Use of  the 
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SECTION 2 

FACILITIES AND APPARATUS 

INTRODUCTION 

The general f a c i l i t i e s  used f o r  these t es t s  a re  p a r t  o f  the Los Angeles 
Fac i l  i t y  o f  AiResearch Manufacturing Company, a d i v i s i o n  o f  The Gar re t t  Cor- 
porat ion. Figure 2-1 shows the  general layout  o f  the f a c i l  i ty. 

UNDERWATER TESTING FACILITY 

Genera 1 

The underwater t e s t i n g  f a c i l  i t y  was constructed t o  s imulate weight- 
lessness i n  a pressur ized s u i t  us ing neut ra l  buoyancy techniques. 

F igure 2-2 gives a general view o f  the tank i l l u s t r a t i n g  the 
various features o f  the fac i 1 i t y  requ i r ed  t o  support the experimental 
a c t i v i t i e s .  The tank i s  30 f t  i n  diameter and 21 f t  i n  height, and 
provides a 20- f t  depth o f  water. The sta i rway and catwalk around the  
top are 4 f t  wide and o f  s tee l  const ruc t ion w i t h  a concrete f i l l  o f  4 in. 
The j i b  and e l e c t r i c a l l y  operated j i b  h o i s t  are used t o  i n s t a l l  and 
remove equipment. The corrugated s t r uc tu re  attached t o  the s ide  o f  the 
tank i s  used a5 the instrumentat iqn recording and con t ro l  room. An 
18 in. square por tho le  i n  the tank is w i t h i n  the con t ro l  room f o r  
observations and photography. There are two add i t i ona l  portholes a t  a 
5 ft, 4 in. leve l ,  one opposi te the con t ro l  room and one perpendicular 
t o  t h i s  on the  fa r  s ide  o f  the tank. L igh t ing  prov is ions cons is t  o f  
three c l us te r s  o f  f i v e  f l ood  l i g h t s  symmetrical ly spaced about the upper 
e levat ion o f  the tank and four 500-watt underwater pool f l ood  1 ights 
symmetrical ly located between the portholes 6 f t  above ground l eve l .  

F igure 2-3 shows the pumping, f i l t e r i n g ,  and heat ing equipment 
necessary f o r  water cond i t ion ing.  The main e l e c t r i c a l  j u n c t i o n  box 
i s  shown i n  the background. 

Figure 2-1 i s  a photograph taken from the por tho le  i n  the con t ro l  
room showing the i n t e r i o r  o f  the tank. The p l a t f o rm  shown i s  the 
f i xed  p l a t f o rm  used f o r  a l l  operat ions. There i s  a movable, lowering 
and r a i s i n g  p la t fo rm ( n o t  shown) adjacent t o  t h i s  po r tho le  o f  the same 
dimensions as the f i xed  platform. There are three symmetrical ly spaced 
ladders, one o f  which i s  shown i n  Figure 2-4. 

Figure 2-5 shows the "hookah"pumping s t a t i o n  which i s  located under 
the  sta i rway and which provides an a i r  source f o r  scuba divers.  
tanks a re  used mainly f o r  standby o r  emergencies, 

Scuba 
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Figure 2-2. Underwater Test ing Faci 1 i t y  
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Figure 2-3. Water Conditioning Equipment 
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Figure 2-4.  Water Tank I n t e r i o r  
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F i g u r e  2-5. "Hookah" Pumping S t a t i o n  
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Figure 2-6 provides a view of  the tank from a p o s i t i o n  a t  the top 
next  t o  the j i b  boom. Two ladders, two underwater 1 ights, one porthole, 
the f i x e d  platform, and one upper-elevation 1 i gh t  c l u s t e r  are  shown. 

Underwater tes ts  were se t  up so t ha t  the main p a r t  o f  the t e s t  
sequence would take place i n  the p r i n c i p a l  t e s t  area shown i n  Figure 2-7. 

Maintenance 

1 
The water pH and 'ch lor ine content of the water were checked f ou r  times 

each week and adjusted as necessary. 
week. 
the f i l t e r  was a t yp i ca l  heavy-duty f i l t e r  using canvas bags and 
diatomaceous earth. The pump capaci ty  was 250 gal per m i n ;  a complete 
tank volume was, therefore, condi t ioned approximately every 7 to  8 hr. 
The water temperature was maintained by ad jus t ing  the heater temperature 
contro l ,  the f l o w  through the heater, and the cyc l i ng  o f  the pumping 
sys tern. 

The pool was vacuumed once each 
The water was f i l t e r e d  through the pumping and f i l t e r i n g  system; 

SI X-DEGREE S -0F- FREE DOM S IMU IATOR 

A six-degrees-of-freedom simulator  (Figures 2-8 and 2 - 9 )  i s  u t i l i z e d  t o  
s imulate weightlessngss. The s i x  degrees are  provided as fo l lows:  ( I )  the 
gimbal l e d  a t t ach  p o i n t  provides r o l l  f reedorn, ( 2 )  the cable-to-frame 
attachment p o i n t  provides p i t c h  freedom, ( 3 ) t h e  swivel j o i n t  i n  the cable 
suspension provides yaw freedom, (4) v e r t i c a l  freedom i s  accompl ished by 
a counterbalance on the suspension cable through p u l l i n g  on the overhead, 
(5  and 6) the two l a t e r a l  degrees o f  freedom are obtained through the 
overhead support mounted on high-qual i t y  roder trucks. 

The frame i s  a 1 ight-weight tubu lar  aluminum s t ruc tu re  w i t h  ad jus t ing  
prov is ions a t  the center f o r  v e r t i c a l  and l a t e r a l  movement, and on the 
cable a t t ach  p o i n t  f o r  f o r e  and a f t  movement. 
the v a r i a b i l i t y  necessary t o  balance the su i ted  sub jec t  w i t h  a minimum 
amount o f  ba l l as t .  

These adjustments provide 

The pressure su i t ed  sub jec t  i s  mounted . in a formed f ibe rg lass  she1 1 
attached t o  the center p i v o t a l  po in t .  
a c i r cumferen t ia l  b e l t  r e t a i n  the subject  i n  the simulator.  

The Y-shaped webbing harness and 

ONE-G TEST CONFIGURATION 

Tests were conducted i n  the one-g environment i n  sh i r ts leeves and 
i n  a pressurized space s u i t .  Figures 2-10 and 2-11 show the su i ted  
condi t ion.  
t o  r a i se  the  subject  t o  a nominal working height.  

The one-g su i t ed  and unsui ted condi t ions required a p l a t f o rm  
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F igu re  2-6. Top View o f  Water Tank 
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Figure 2-8. Final Balancing in Six-Degrees-of-Freedom Simulator 
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Figure 2-9.  Subject Forcing Motion in Six-Degrees-of-Freedom Simulator 
by Body Positioning 
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Figure 2-10. One-G Sui ted Maintenance Test (Hatch Removal) 
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F i g u r e  2- 11 .  One-G Suited Maintenance Test 
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MOUNTING SHELL FOR NEUTRAL BUOYANCY 

A f ibe rg lass  she l l  was made to  f i t  the t o r so  o f  the pressure s u i t .  
This s h e l l  provided the mounting s t r u c t u r e  f o r  the lead weights requi red 
to estab l  i sh  neu t ra l  buoyancy and for attachment o f  miscel taneous 
equipment and r e s t r a i n t  devices. Figure 2- 12 i l l u s t r a t e s  the use o f  
the s h e l l  i n  the one-g tests.  
she l l  w i t h  the  lead weights attached. The cuff  weights shown i n  F igure 
2-13 were found t o  i n t e r f e r e  w i t h  work. 
weights on the  she l l  and i n  the back pack, very good neu t ra l  buoyancy could 
be obtained for a l l  body pos i t ions.  Figure 2-14 shows the back she l l  w i t h  
a b a l l a s t  pack attached. The b a l l a s t  pack has the same bas ic  dimensions 
as the Por tab le  Environmental Control System (PECS). The weights ins ide  t h i s  
pack were brass weights threaded so t ha t  the p o s i t i o n  o f  the weights could be 
changed by screwing them up o r  down. 
t o  a present space back pack system. A coo l ing  pack which i s  a l s o  shown was 
used f o r  s u i t  coo l ing  and f o r  i n i t i a l  underwater t e s t  p ressur iza t ion  and 
ven t i l a t i on .  

F igure 2- 13 shows the f r o n t  p a r t  o f  the  

By the proper add i t i on  o f  

The b a l l a s t  pack i s  dimensionally s i m i l a r  

INSTRUMENTATION AND SUIT ECS 

The instrumentat ion and s u i t  environmental cond i t ion ing  system was 
s i m i l a r  i n  each t e s t  w i t h  a pressure- sui ted subject .  Figure 2-15 i s  
a schematic o f  the complete system. I n l e t  and o u t l e t  gas composition 
was determined by sample analys is  w i t h  a mass spectrometer. Oxygen 
and carbon d iox ide volume percents were determined and were recorded 
on a Leeds Northrup s t r i p  char t  recorder which i s  p a r t  o f  the mass 
spectrometer . E l  e c t  roca r d  iograms and o ra  1 tempera t u  res were recorded 
on a Sanborn two-channel s t r i p  char t  recorder. Oral temperature was 
measured w i t h  a thermis tor  placed i n  t he  helmet i n  such a p o s i t i o n  t ha t  
the subject  could p lace i t  i n  h i s  mouth w i t h  h i s  tongue. This thermis tor  
was measured w i t h  a copper-constantan thermocouple placed i n  the 
v e n t i l a t i o n  o u t l e t  f i t t i n g  a t  the s u i t .  This was recorded on a 24-channel 
Brown recorder. Communication w i t h  the  subject  was maintained by means 
o f  an aircraft-type,low-impedance intercommunications system. This 
requi red the  replacement of  the helmet microphones suppl ied w i t h  a 
Gemini s u i t .  Addi t iona l  instrumentat ion consisted o f  motion and s t i l l  
photography and a spec ia l  sequence t im ing  board. The special  t im ing  
board i s  shown i n  F igure 2- 16.  Three stopwatches a re  actuated by a bar 
mechanism operated by the observer a t  s p e c i f i c  predetermined events. 
actuat ion stops one watch,which had t o  be s t a r t e d  a t  the beginning o f  
the event,and s t a r t s  the fo l lowing stopwatch f o r  the beginning o f  the  
next event. The t h i r d  stopwatch i s  reset  t o  zero a t  the same t ime so 
t ha t  i t  i s  ready t o  s t a r t  a t  the i n i t i a t i o n  o f  the f o l l ow ing  event. A 
f ou r th  stopwatch i s  used t o  determine the t o t a l  elapsed t ime o f  a 
sequence o f  events. 

This 
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F i g u r e  2-12. S u i t e d  T e s t  S u b j e c t  W i t h  S h e l l  
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Figure 2-13. F iberglass She l l  t o  Which the Lead Weights 
and Res t ra in ts  Were Attached 
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F i g u r e  2- 1 4 .  F i b e r g l a s s  S h e l l  With B a l l a s t  P a c k  
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Figure 2-16. Sequence Timing Board 
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The v e n t i l a t i n g  gas fo r  environmental con t ro l  was suppl ied from a 
Dewar o f  1 i q u i d  a i r  through an ambient vapor izor  (heat  exchanger), then 
t o  an accumulator. The accumulator was found necessary f o r  mix ing the 
vaporized gas because o f  the forge f l uc tua t i on  i n  oxygen and n i t rogen  
vapor pressures. The vaporized a i r  was introduced t o  the s u i t  c i r c u i t  
through a f low con t ro l  regu la tor .  S u i t  pressure was maintained by 
ad jus t ing  the backpressure valve. The flow was maintained between 3.7 
and 5.3 cfm by adjustment o f  the f low con t ro l  and backpressure valves, 
and was measured w i t h  a mass flowmeter. F l e x i b l e  hoses approximately 
20 f t  long were used f o r  the  one-g and six-degrees-of- freedom tests .  
the underwater tests, the v e n t i l a t i n g  gas was introduced i n t o  l-1/2- in.- 
d ia  copper tub ing which ran from the con t ro l  room t o  the top  o f  the 
tank, down to the bottom o f  the tank,and to  the mock-up area. F l e x i b l e  
hoses, 30.ft long and w i t h  a 1 -in. diameter, were attached t o  the copper 
tubing and then t o  the pressure s u i t .  
7 0 . f t  long. Su i t  pressure was measured w i t h  a d i f f e r e n t i a l  pressure 
transducer a t  the s u i t  o u t l e t  f i t t i n g  and was displayed on an ind ica to r  
for  moni tor ing purposes. 

I n  

The copper tubes were approximately 

MOCKUPS FOR NEUTRAL BUOYANCY TESTS 

The mockups used i n  t h i s  t e s t  program are  i l l u s t r a t e d  i n  Figures 2-17, 
2-18, and 2-19. The basic s t ruc tu re  shown as the spacecraft mockup was used as 
the bas ic  s t r uc tu re  f o r  a l l  mockups. The s t r uc tu re  consisted o f  
"dexeon" angle pieces w i t h  curved s t r ingers  attached f o r  the skin.  
s t r i nge rs  were o f  t /4- in. plate, 21 in. wide,and r o l l e d  t o  a I O - - f t  
radius. An aluminum sk in  1/8 in. t h i c k  was attached t o  the s t r i nge rs  
t o  s imulate the c y l i n d r i c a l  sur face o f  a space veh ic le  20 f t  i n  diameter. 
Two access panels were provided, one 30 by 46 in. and the o ther  30 by 30 
in. 
prov is ions f o r  more than one s i z e  fastener were made f o r  the va r i a t i ons  
i n  fasteners t o  be used. The la rge  access opening was used f o r  a l l  main- 
tenance tasks and the prov is ions f o r  the  various tasks; i.e., fastener 
s i ze  l oca t i on  and a l l  o the r  va r i a t i ons  were b u i l t  i n t o  the work area. 

The 

The access panels were attached a t  four po in ts ;  a t  each point,  

The antenna mockup used the maintenance mockup as a base f o r  
support ing the antenna. 
tubu lar  boom s t ruc tu re  attached t o  the maintenance mockup a t  th ree 
points.  
secured a t  the j o i n t s  w i t h  aluminum disks d r i l l e d  f o r  the same ou ts ide  
diameter of the tubes. These holes were d r i l l e d  a t  an angle t o  prov ide 
the s imula t ion o f  curve antenna d i sh  w i t h  a radius o f  IO ft. The tubes 
were secured i n  the hole w i t h  wing- type set  screws. 

The antenna consisted o f  a welded s i ng le  piece, 

The d ish  st.ructure was constructed o f  t h i n - w a l l  aluminum tub ing 

The packaged f o l d i n g  panel t e s t  involved the app l i ca t i on  o f  
to  the antenna d ish  s t r uc tu re  o f  t r i angu la r  pieces made from aluminum 
s t r i p s  and hardware c l o th .  These were j o i ned  together i n  sets o f  four  
panels each a t  the  apexes w i t h  shor t  pieces o f  bungee cord. These 
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Figure 2-17. Antenna and R ig i d  Module Mockups f o r  Neutral Buoyancy Tests 
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F i g u r e  2-18. S p a c e c r a f t  Mockup 
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F i g u r e  2-19. Large Inflatable Module 
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bungee cords were hooked over a piece 
center o f  each j o i n t  o f  the antenna d 
j o i n t ,  the panels were held i n  place. 

The r i g i d  module consisted o f  a 

o f  dowl ing i n s t a l l e d  a t  the 
sh, and when attached a t  each 

uminum angles as a bas ic  s t ruc tu re  
w i t h  hardware c l o t h  s imulat ing a s t ruc tu re  IO f t  in diameter. Two 
sections,lO f t  i n  diameter, were assembled from e igh t  panels each. 
These sections were then jo ined  together. The sections were he ld  i n  p lace 
on the  space c r a f t  mockup w i t h  bungee cords. The j o i n t s  consisted o f  a 
capt ive b o l t  and a basket nut  on the mating angle. 

The i n f l a t a b l e  mockup consisted o f  two r ings used f o r  15-man 1 i f e  
r a f t s .  These r ings formed the ends o f  the s t ruc tu re  and were spread 
w i t h  spreader bars to s imulate an i n f l a t a b l e  s t ruc tu re  I O  f t  i n  diameter 
and IO f t  long. One r i n g  was secured t o  the maintenance mockup by 
lashing a f t e r  i n f l a t i o n .  I n f l a t i o n  was accompl ished by f i l l i n g  w i t h  
water from the pool pumping system. 

Neutral buoyancy was achieved f o r  most o f  the t e s t  hardware by 
Styrofoam blocks attached t o  segments and modules. 

LOCOMOTION A I D S  

The locomotion aids consisted o f  a rope tether, hand r a i l ,  r i g i d  
pole, t a u t  rope, a ladder type, and a T-bar hand-hold type. The rope 
te ther  was fastened on the end o f  the space c r a f t  mockup away from the 
hatchway and was a 1/2-in.-diameter rope. The hand r a i l  was a 1- in. 
diameter aluminum tube attached t o  a 4 in. s tandof f  so t h a t  i t  extended 
from the hatchway t o  the opposi te end and was approximately 4 in. below 
the access opening. This tubing was a lso  used as a r i g i d  po le  by 
removing the s tandof f  attachment away from the hatchway. One tau t  
rope a i d  was accompl ished by p lac ing  a I /2 in. diameter rope between 
the two standoffs i n  place o f  the hand r a i l .  A ladder- type and a T-bar 
hand-hold types o f  locomotion a ids  are i l l u s t r a t e d  i n  Figures 2-20 and 2-21. 
These were attached t o  the mockup i n  many pos i t ions  f o r  the various tasks. 
The T-bars were placed i n  a s l o t t e d  boom t ha t  was attached below the main- 
tenance access opening. This boom a l s o  served as a mounting s t ruc tu re  f o r  
several r e s t r a i n t  mechanisms. 

RESTRAINTS 

Several r e s t r a i n t  systems were invest igated dur ing t h i s  program. 
Rest ra in t  mechanisms which were b u i l t  and checked are i l l u s t r a t e d  i n  
Figures 2-22 through 2-26. 
mockup were invest igated; the resu l t s  o f  these tes ts  ind icated t ha t  a 
r i g i d  ad justab le  l i n k  (Figure 2-23) would best be used f o r  the one-, two-, 
and three- leg res t ra in t s .  These r e s t r a i n t s  were attached t o  the she l l  
assembly through a un iversa l  a t t ach  locking. method as shown i n  

Several methods o f  connecting t o  the man and t o  the 
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Figure 2-20. T-Bar Locomotion Aid With Foot Restraint Attached 
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Figure 2-21. Ladder-Type Locomotion Aid 
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Figure 2-22. R i g i d  Leg Rest ra in t  Concepts Tested and Found Inadequate 
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Figure 2-23. Rigid Leg Restraint Design Concepts Used During 
Pressure-Suited Tests 
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Figure 2- 2 4 .  Universal  Locking Mechanism Attached t o  She1 1 
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Figure 2-25. Universal Locking Mechanism Attached to Shell 
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F i g u r e  2-26. Cage  R e s t r a i n t  
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Figures 2-24 and 2-25. The hook ending was attached t o  eyes mounted i n  the 
mockup w i t h  the attachment t o  the she l l  by the universal  lock ing attachment. 
The s ing le  o r  double s t rap  attachments (not  i l l u s t r a t e d )  had the conf igura t ion  
o f  a lineman's waist be l t .  
on the boom, and tested. The foo t  r e s t r a i n t  shown i n  Figure 2-29 consisted 
of a p la t fo rm mounted on an adjustable attachment t o  the boom structure.  
Loops t o  r e s t r a i n  the feet  were provided on the platform. 

A cage r e s t r a i n t  (F igure 2- 26)  was b u i l t ,  mounted 

TOOLS 

Off- the- shel f  hand too l s  were selected as indicated by the  type o f  
fastener t o  be removed and the exe r t i on  o r  motion required by the subject t o  
operate the too l .  These requirements a r e  discussed i n  the task  d e f i n i t i o n  
and t e s t i n g  sect ions; no attempt w i l l  be made t o  d i s t i ngu ish  these tools .  
Of f- the- shel f  and modi f ied too l s  are shown i n  Figures 2-27 through 2-34. The 
too l  holder used throughout the underwater t e s t i n g  (F igure 2- 34)  i s  constructed 
o f  sandwich synthet ic  foam supported by aluminum sheets. The o f f - the- she l f  
t oo l s  shown i n  Figures 2-27 through 2-30 were used as purchase because of 
problems encountered i n  attempting t o  modify them to  neutra l  buoyancy. Modi- 
f i e d  t o o l s  shown i n  Figure 2-31 through 2-33 were read i l y  modi f ied t o  neut ra l  
buoyancy and t o  use by a subject w i t h  a pressure-suited glove. I n i t i a l  attempts 
t o  increase handle s i ze  and t o  ob ta in  neutra l  buoyancy were successful, but 
the mater ia l  used would not stand up t o  wear o r  water immersion. Since t h i s  
became a problem and a l l  t oo l s  could not  read i l y  be modi f ied f o r  use, i t  was 
decided t o  modi fy the remainingtools so tha t  they would be read i l y  usable by 
the pressure-suited subject. Table 2-1 l i s t s  t o o l s  by category and size. 

FASTENERS 

The fasteners used i n  t h i s  program were chosed accord.,ig t o  the motions, 
forces, and sizes required, and according t o  the l i m i t a t i o n s  o f  the pressure- 
su i ted  subject. The fasteners used were read i l y  ava i l ab le  o r  r e a d i l y  modi f ied 
t o  the t o o l s  t o  be used. Table 2-2 l i s t s  the fasteners by type and size, 
no t ing  i n  each case the ac tua l  s i ze  o f  the fastener / tool  in te r face.  
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Figure 2-27. Off-the-shelf Tools Used in Maintenance Tests 
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Figure 2-28. Off-the-shelf Tools Used i n  Maintenance Tests 
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Figure 2- 29 .  Off-the-shelf Tools Used in Maintenance Tests 
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Figure 2-30. Off-the-shelf Tools Used in Maintenance Tests 
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Figure 2-31. Modified Tools Used in Maintenance Tests 
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Figure 2-32. Modified Tools Used in Maintenance Tests 
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Figure 2-33. Modified Tools Used in Maintenance Tests 
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Figure 2- 34.  Foam Supported Tool K i t  
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SECTION 3 

EXPERIMENTAL DES1 GN 
AND 

TYPICAL TASK DESCRIPTIONS 

DESIGN PHILOSOPHY 

Because o f  the l i m i t e d  number o f  fac ts  known about a pressure-sui ted man's 
capabi 1 i t y  t o  perform work i n  a zero- grav i ty  envi ronment, the program was 
designed t o  t e s t  a broad range o f  hardware var iables.  The program used one o r  
two subjects and accepted some experimental contamination and poor r e l i a b i l i t y  
f o r  the p r i v i l e g e  o f  observing the p o s i t i v e  and negat ive aspects o f  the large 
number o f  va r i a  b 1 es . 

By t e s t i n g  the large number o f  d i f f e r e n t  types o f  tools, res t ra in ts ,  
locomotion aids, and fasteners, there was a resu l tan t  contamination o f  v a r i -  
ables. I t  i s  believed, however, t ha t  the resu l t s  of these t e s t s  make s a l i e n t  
some o f  t he  most promising concepts f o r  hardware and procedural so lu t ions  f o r  
app l i ca t ions  i n  the  weight less environment. These concepts should be tested 
l a t e r  under more r igorous experimental condi t ions.  

TEST CONDIT IONS 

The i nd i v i dua l  t e s t  condi t ions were obtained by combinations o f  var iab les 
along f i v e  dimensions: ( I )  s imulat ion technique, ( 2 )  the type o f  task o r  i t s  
leve l  o f  d i f f i c u l t y ,  ( 3 )  the locomotion a i d  employed, ( 4 )  the r e s t r a i n t  device 
used, and ( 5 )  the t oo l s  used. These are not  t r u e  o r  "clean" dimensions i n  t he  
normal sense o f  dimension; however, they represent the categor ies necessary f o r  
organizat ion o f  the tes ts .  

The var iab les  manipulated dur ing the study e f f o r t  a re  summarized i n  Table 
3-1. Three modes o f  s imu la t ion  were used and are l i s t e d  i n  the  s imulat ion mode 
column as fo l lows :  ( I )  underwater, ( 2 )  one-g, and (3 )  suspension. I n  the next 
column, t i t l e d  "Task Level," a re  l i s t e d  f i v e  types o f  tasks: 
tasks, ( 2 )  assembly o f  beams, ( 3 )  assembly o f  panels, ( 4 )  assembly and e rec t i on  
o f  r i g i d  modules, and ( 5 )  assembly and e rec t i on  o f  i n f l a t a b l e  modules. 
maintenance task category i d e n t i f i c a t i o n  i s  broken i n t o  three leve ls  o f  main- 
tenance task d i f f  iculty--easy, d i f f i c u l t ,  and hard- - for the maintenance t e s t  
p o r t i o n  o f  t he  study e f f o r t ;  the  remaining four  tasks a r e  assembly o f  beams 
(antenna), f o l d i n g  panels (antenna fact) ,  two r i g i d  modules, and two i n f l a t a b l e  
modules f o r  the large module e rec t i on  t e s t  p o r t i o n  o f  the study. I n  the t h i r d  
column are  l i s t e d  the f i v e  locomotion a ids  used throughout the tes ts .  
The rope tether, hand r a i l ,  hand hold, t au t  rope, and r i g i d  po le  were 

( I )  maintenance 

The 
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i n d i v i d u a l l y  used i n  a l l  three o f  the maintenance t e s t  l eve ls  
and used i n d i v i d u a l l y  o r  i n  combination dur ing the e rec t ion  o f  the 
la rge  modules. The one-leg, two-leg, three- leg, cage f oo t  w i t h  strap, 
and Gemini X I 1  type o f  s t rap  r e s t r a i n t s  l i s t e d  i n  the f ou r t h  column were a l l  
used throughout the maintenance t-ests, bu t  on l y  the cage, foot, and 
Gemini X I 1  type o f  s t r ap  r e s t r a i n t s  were used dur ing the large module 
e rec t ion  tests.  I n  the "Tool Type" column are l i s t e d  the e i gh t  types 
o f  too ls  t ha t  were used throughout tes t ing.  
representat ive t oo l s  o f  each too l  type were tested. 

Two t o  ' f i ve  d i f f e r e n t  

Each 1 i s t i n g  i n  the columns o f  Table 3-1 i s  preceded by a number. 
These numbers were used i n  combination t o  i d e n t i f y  the var iab les  o f  
each p a r t i c u l a r  test .  The consequence was a numerical code p rov id ing  
the numerous tes ts  w i t h  ind iv idua l  i den t i t y .  Only numbers from the 
f i r s t  four  columns were used i n  const ruc t ing the t e s t  codes. 
example, the t e s t  code numbered I . I  .I . I . X .  can be i d e n t i f i e d  i n  the 
fo l lowing manner. 

For 

DIMENSIONS SIMULATION TASK LOCOMOTION RESTRAINT 
OLS 

VA R I A 0 LE S ROPE ONE LEG 
TETHER 

A t ab le  conta in ing the f u l l  t e s t  code and descr ip t ion  i s  provided 
i n  Appendix A .  It i s  recommended t ha t  t h i s  sheet be used f o r  
reference dur ing the reading o f  the remaining sect ions. 

The maintenance task tes ts  are  l i s t e d  i n  Table 3-2. The s imula t ion 
and task leve l  code designations are i n  the le f t- hand columns, and the 
locomotion a i d  and r e s t r a i n t  code designations across the top. The 
two t e s t  numbers a t  the bottom o f  the t ab le  represent the l a s t  tes ts  
conducted. The f i r s t  o f  these, I .3.3.6., was conducted t o  observe 
the advantages and disadvantages o f  a s t rap  r e s t r a i n t  system. The 
second l i s t i n g  was a maintenance t e s t  conducted using the six-degree- 
of- freedom simulator.  For t h i s  test,  tasks were selected from the 
easy, d i f f i c u l t ,  and hard task  leve ls .  The p r i n c i p a l  c r i t e r i a  f o r  
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task  se lec t ion  from the three leve ls  were uniqueness and f e a s i b i l i t y  
o f  accompl ishment. The XX3.3, XX4.4, and XX5.5 ser ies  were no t  
scheduled f o r  the su i ted  and unsu i ted f u l l  - g rav i t y  cond i t ions f o r  the 
f o l  lowing reasons. 

I 

a. The t h i r d  l eg  of the three- leg r e s t r a i n t  conf igura t ion was 
to prov ide add i t i ona l  s t a b i l i t y  by the weight on h i s  feet .  

b. The cage r e s t r a i n t  was not  tes ted because i t  o f f e red  no rea l  
r e s t r a i n t  i n  the f u l l - g r a v i t y  condi t ion.  I t  was assumed 
t h a t  i f  the sub jec t ' cou ld  perform the tasks standing i n  
f r on t  o f  the maintenance mockup, the add i t i on  o f  a la rge  
cage device around him,which o f fered enough room t o  get  
from one p o s i t i o n  t o  another,would no t  a f f e c t  h i s  performance. 

c .  The foot  r e s t r a i n t  was no t  tes ted i n  the f u l l - g r a v i t y  
cond i t i on  f o r  reasons o f  safe.ty. I t  was very d i f f i c u l t  
f o r  the sub jec t  t o  work i n  the s u i t  when it was pressurized. 
Whenever the subject  l o s t  h i s  balance, he was ab le  t o  
regain h i s  balance by repos i t i on ing  h i s  feet. I t  was 
hypothesized t ha t  the res t ra i n i ng  o f  the f e e t  would remove 
t h i s  compensating a b i l i t y  and therefore  should not be done. 

I n  the  f u l l - g r a v i t y  unsui ted tes ts ,a l l  maintenance tes ts  but  
2 . 2 . 2 . 2 .  were conducted on two separate occasions using two d i f f e r e n t  
subjects. A l l  o the r  t es t s  were conducted w i t h  one subject .  

Tests I .2.1 . I .  and I . I  . 2 . 2 .  were p a r t i a l l y  completed due t o  the 
sub jec t ' s  fat igue.  
i n  at tempt ing t o  get and mainta in a good work p o s i t i o n  wh i l e  being 
s l i g h t l y  negat ive i n  buoyancy. Tests 1 . 2 . 2 . 2 . ,  1 . 2 . 3 . 3 . ,  and 1 . 3 . 3 . 3 .  
were deleted because i t  was concluded t ha t  the r i g i d - l e g  r e s t r a i n t  design 
was inadequate. I n  a1 1 previous two-and th ree- r ig id- leg  r e s t r a i n t  tests,  
the subject  had broken some o r  a l l  o f  the r e s t r a i n t s  i n  attempting 
t o  f i n d  a p o s i t i o n  from which he could perform the tasks. The locomotion 
aids and r e s t r a i n t s  used dur ing the la rge  module tes ts  are  del ineated 
i n  Table 3-3.  The r i g i d - l e g  r e s t r a i n t s  were not  used i n  the la rge  
module t es t s  because they had been observed t o  be inadequate dur ing 
the conduction o f  the maintenance tes ts .  

Fat igue resu l ted from the constant energy expended 

The t e s t  order i s  shown i n  Table 3- 4.  The maintenance tes ts  were 
scheduled t o  be completed before the la rge  modules tests, and the order 
o f  tesing, 1 i s t ed  by s imula t ion mode, was f u l l  - g rav i t y  unsuited, f u l l  - 
g r a v i t y  su i ted, underwater, and suspens ion s imulat ion. 
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Test 
Sequence 

I 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
I I  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 . 
27 

TABLE 3-4 

TEST SEQUENCE 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

Test 
Code 

I a3a5a 5,  
Iela3o3a 
I a 3.306. 
I . r i a  I a4. 
I a4a2.4 
I .4*3a4. 
I a4.4a4a 
I a4e5a4. 
1.4aIa5. 
I .4a 2.5. 
I a4a3.5. 
I a4a4a5a 
I .4*5a5a 
Io4a 1.6, 
I a4a2.6. 
1*4*3a6a 
I a4a4a6a 
I a4.5.6a 
I a 5 .  I a4. 
I a5a2a4a 
1.5a3a4a 
1*5*4a4a 
I o5a5a4. 
1.5a1.3a 
I e 5.2.3. 
I a 5.3.3. 
Ia5.4a3a 

Test 
Sequence 

55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73  
74 
75 
76 
77 
78 
79 
80 
81 

Test 
Code 

1.5.5.3 
I a5. I a6a 
I a 5.2 6 ,  
I .5,3.6. 
Ia5a4m6a 
la5a5.6. 
I e6.2.5 
I a6a3.5 
I a6.4a5o 
I a6.2a4a 
I e 6.3.4. 
I a6Aa4. 
I a6a2a3a 
I .6*3a3a 
I a6.4a3a 
I a6e2a6o 
Io6.3a6a 
I. 6.4.6. 
Ia7aIa5a 
I a 7.3.5. 
1.7. 1.6. 
I a 703.6. 
3, IaOa6. 
3a2aOa6. 
3.3. 0. 6,  
3.4. 0. 6 ,  
3.5. 0. 6a 

iee Table A - l  fo r  t e s t  code descript ion.  
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Beginning w i t h  task l eve l  I .  (easy), and progressing through task  
leve l  2. ( d i f f i c u l t )  and 3. (hard), t he  tasks var ied  i n  terms o f  the  
p ro jec ted  a b i l i t y  t o  tax the sub jec t ' s  c a p a b i l i t y  t o  perform the  task. 
A I  t e r a t  ions i n  the bas i c  hardware and performance requirements for each 
task l eve l  were accompl ished along two dimens ions. The f i r s t  dimension 
was t h a t  of  dex te r i t y ;  each task l eve l  had increasing demands on the  
sub jec t ' s  a b i l  i t y  to manipulate f i n e r  and smai ler  items, inc lud ing  
both t oo l s  and hardware. The second dimension was t h a t  o f  force;  each 
task l eve l  requi red greater  fo rce  appl i c a t i o n  w i t h  an increasing 
v a r i e t y  of equipment and too ls .  
d i f f i c u l t ,  and hard l eve l s  are presented i n  t he  t yp i ca l  data c o l l e c t i o n  
sheets o f  Table 3-5.(easy),3-6 ( d i f f i c u l t ) ,  3-7 (hard), and 3-8 
( t ask  composite f o r  six-degree-of-freedom s imu la t ion  t es t ) .  
de ta i l ed  descr ip t ion  o f  each task  sequence i s  presented i n  Table 3- 9 .  
I n  t h i s  t a b l e  the task i s  i den t i f i ed ,  the  s t a r t  and stop t ime i s  
ind icated as re la ted  to task segment,and the o v e r a l l  task descr ip t ion  
i s  provided. 

The task sequences for  t he  easy, 

A 

Deta i led  procedures f o r  the  erect ' ion o f  the la rge  modules were 
no t  constructed, however, a set o f  general procedures was prepared. 
The t e s t  phi losophy f o r  the l a rge  module t es t s  was t o  a l l ow  the subject  
freedom to perform the module assembl ies as he deemed appropriate. 
I t  was bel ieved t h a t  the subject  would be provided adequate informat ion 
from the actual  work s i t u a t i o n  t o  accompl i s h  the assembly goals. 

The antenna beam assembly t e s t  was begun w i t h  the  boom and locomotion 
aids i n  pos i t ion .  
o f  the t e s t  d i r e c t l y  below the antenna boom. 
t o  repos i t i on  the  maintenance boom twice dur ing t he  t e s t .  A t  each re-  
pos i t ion ing,  the r e s t r a i n t  mode was changed by t he  d iver .  The antenna 
beams and j o i n t s  were contained i n  three packages. The f i r s t  package 
was made up o f  s i x  j o i n t s  and s ix teen  antenna beams, w h i l e  the second 
and the  t h i r d  packages contained s i x  j o i n t s  and twelve antenna beams. 
Once he was pos i t ioned a t  the work s ta t ion,  the  subject  p u l l e d  the  
package t o  him on a t a u t  l i ne .  He then assembled a p a r t  o f  the  antenna 
us ing the beams and j o i n t s  o f  t h a t  p a r t i c u l a r  package, repos i t ioned 
the maintenance boom, procured the second package, assembled the  beams 
and j o i n t s  o f  t h a t  package, repos i t ioned the  boom, procured the  l a s t  
package, and completed assembling the  antenna. The general procedures 
fo r  the antenna assembly a re  1 i s t ed  i n  the data c o l l e c t i o n  sheets o f  
Table 3-10. 

The maintenance boom was pos i t ioned a t  the beginning 
The t e s t  subject  had 

Fol lowing the assembly o f  the antenna, a panel fac ing  was i n s t a l l e d  
on the  antenna framework. The panels were fo lded  and connected four  
t o  a package, except the s i x t h  and l a s t  package, which had t w o  panels. 
Locomotion aids were se t  up i n  the same combination as t h a t  f o r  the beam 
assembly t e s t  (see Table 3-3). Once pos i t  ioned a t  h i s  work s t a t  ion, the  
subject  p u l l e d  the packages to him, two a t  a time. One o f  the two 
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TABLE 3-5 

DATA SHEET FOR TYPICAL EASY MAINTENANCE TEST 

TASK 
TIME 

TEST NO. 1.122 DATE : SUBJECT: OBSERVER : 

- 
TASI 
NO. 

1 .  

II 

111 

2. 

II 

3 .  

111 

4 .  

I 

5 .  

E x i t  hatch and t raverse t o  Sandwich too l  k i t  
spacecraft mockup work 
s ta t ion .  Snap too l  k i t  
t o  spacecraft mockup. 

Hand on Rest ra in t  

and handra i 1 

Engage res t r a  i nt .  Two leg  r e s t r a i n t  

Hand on Tool K i t  

Fasten too l  k i t .  I Two 3- in. C-clamps 

Hand on Tool Used t o  Remove 
Access Panel 

Procure too l  from too l  k i t  Socket T-handle 
and disengage 4 fasteners w i t h  3/8 A l l en  
holding access panel. Re- head 1/2 in. d r i v e  
place too l  i n  k i t .  

Hand on Clamp 

Obtain clamp, remove 
access panel, and clamp 
t o  spacecraft mockup, 
out o f  way. 

Hand on P1 ie rs  
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TABLE 3-5 (Con t i nued) 

TEST NO. 1122 DATE : SUBJ ECT : OBSERVER : 

iASK 
TIME 

TASK SEQUENCE 

Procure w i re  cu t te rs  from 
too l  k i t  and cut  w i r e  on 
maintenance box. Return 
p l  i e rs  t o  too l  k i t .  

Hand O f f  Cutters 

Turn valve o f f  on tube con- 
nect ion t o  maintenance box. 
Procure wrench. 

Hand Contact w i t h  Wrench 

D isengage tube connect ion 
a t  maintenance box. Replace 
wrench. 

Hand O f f  Wrench 

Procure wrench and disengage 
2 bo1 t s  holding maintenance 
box t o  spacecraft mockup. 
Return wrench t o  t oo l  k i t .  

Hand O f f  Wrench 

Procure clamp and remove 
maintenance box; p lace and 
clamp on spacecraft mockup. 
ex ter  i o  r . 
F i r s  t Movement o f  Test  Sub i ecl 
t o  Panel 
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EQUIPMENT ~ 

Side cu t t e r  

Crescent wrench 

Socket ra tchet  
1/2=in. d r i ve  w i t h  
3/8-in. A l l en  head. 

- 
EMARKS 

S t i c k  lanyard 



TABLE 3-5 (Con t i nued) 

t 

TEST NO. I122 DATE : SUBJECT : OBSERVER : 

- 
TASK 
TIME 

TASK SEQUENCE 

Re1 ease clamp pressure 
holding access panel t o  
spacecraft mockup; remove 
panel p o s i t i o n  access panel 
i n  opening. 

Pos i t ion ing  o f  F i r s t  Fastener 
i n  Panel f o r  Finger T ighteninq 

Finger t i gh ten  b o l t s  o f  access 
panel. Return clamp t o  t o o l  
k i t .  

Hand on Tool i n  K i t  

EQUIPMENT 

Procure wrench and t i gh ten  
access door bo1 t s  (4). 
Return wrench t o  k i t .  

I Tool Contact w i t h  K i t  

Socket T hand1 e 
w i t h  1/2-in. d r i v e  
w i t h  3/8-in. A l l e n  
head. 

Release maintenance box 
from spacecraft mockup 
e x t e r i o r  and secure t o  
t e s t  subject by lanyard. 

Hand on Rest ra in t  Connector 
t o  Mockup 

With maintenance box i n  hand 
disengage res t r a  i n t .  

Visual Separation of  Rest ra in t  

REMARKS 
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TABLE 3-5 ( Con t i nued) 

TEST NO. 1122 DATE : SUBJECT: OBSERVER : 

4 TASK 
TIME 

Traverse w i t h  maintenance 
box through hatch. 
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TABLE 3-6 

DATA SHEET FOR TYPICAL DIFFICULT MAINTENANCE TEST 

I TEST NO. 1233 DATE : SUBJECT; OBSERVER : 

U 

TASK SEQUENCE 

E x i t  hatch and t raverse t o  
spacecraft mockup work 
s ta t ion .  Snap too l  k i t  
t o  spacecraft mockup. 

Hand on Rest ra in t  

Engage r e s t  ra  i n  t . 
Hand on Tool K i t  

DELETED 

Procure too l  from too l  k i t  
and disengage 4 fasteners 
holding access panel. 
Replace too l  i n  k i t .  

Hand on Clamp 

Obtain clamp remove access 
panel and clamp t o  space- 
c r a f t  mockup; o u t  o f  the 
way. 

Hand on Valve 

EQUIPMENT 

Sandwich too l  k i t  
and hand hold 
locomot ion a i d  

Three l eg  r e s t r a i n  

So c ke t r a t c he t 
3/8 in. d r i v e  
7/32 A1 1 en head 

Med. A I  l e n  
head bo1 t s  

Vise-gr i p  

{EMARKS 
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TABLE 3-6 (Cont inued) i 

TEST NO. 1233 DATE : SUBJECT : OBSERVER : 

TASK 
NO. 

6. 

- 

7. 

8 .  

9 .  

TASK i TASK SEQUENCE 
TIME I 

Turn o f f  valve t o  tubing; 
procure two wrenches. 

F i r s  t Contact o f  Wrench 
t o  Connector 

D isengage tubing t o  ma inten- 
ance box a t  union; re tu rn  
wrenches t o  too l  k i t .  

Hand Touches Hammer i n  Tool 
K i t  - 

Procure punch and hammer. 
Punch r i v e t  on top o f  box to  
center reamer. Return 
hammer and punch t o  k i t .  

Hand on Brace 

Procure brace and b i t  and 
d r i l l  ou t  r i v e t  on top o f  
maintenance box. Return 
brace t o  k i t .  

Hand on Hammer 
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EQUIPMENT 

Open end 
9/16 in. and 
11/16 in. 

Open end 9/16 in. 
and 11/16 in. 

Center punch and 
hammer ( la rge) .  

Hand d r i l l  w i t h  
No. 27 d r i l l .  

REMARKS 



TABLE 3-6 ( Con t i nued) 

TEST NO. 1233 DATE : SUBJECT : OBSERVER: 

TASK 1 TASK 
NO. TIME 
7 

I O .  

- 
1 1 .  

- 
12. 

I 

13. 

TASK SEQUENCE 1 EQUIPMENT REMARKS 

Procure hammer and punch, 
and punch r i v e t  free. 
Replace hammer and punch 
i n  k i t .  

Hand on Screwdriver 
(For next  task) 

Procure screw d r i ve r ;  remove 
screws securing top o f  main- 
tenance box. Remove top o f  
maintenance box. Procure 
clamp f rom ki t and secure top 
t o  spacecraf t  mockup . 
Hand on Wire Cutters 
(Hanging on W r i s t )  

Procure w i r e  cu t te rs .  Cut 
two wires t o  swi tch in  main- 
tenance box. Return p l i e r s  
t o  tool k i t .  

Hand on Screw Dr ive r  

Disengage screws and remve  
swi tch from maintenance 
box. Place removed swi tch in  
t oo l  k i t  and procure new 
sw i tch. 

Release o f  Switch No. 2 from 
K i t  
7 

D r i f t  punch and 
Hammer ( 1 arge) 

Screwdr i ver 
Spring clamp 
(bo1 t tongue) 

P1 i e r s  

Screwdriver on 
w r i s t  lanyard 
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TABLE 3-6 (Cont i nued) 

- 
TASK 
TIME 

TASK SEQUENCE 

P o s i t i o n  new swi tch  i n  place, 
t i g h t e n  screws. 

Hand Touchinq P1 i e rs  
i n  Tool K i t  (For Next Task) 

Procure w i r e  s t r i p p e r s  and 
s t r i p  one inch o f  i n s u l a t i o n  
from wi res  t o  switch. Return 
s t r i p p e r s  t o  k i t .  

Nand Free o f  Wire Str ippers 

Procure po in ted  p l i e r s  and 
make loop on wi res and p lace 
under screws on switch. 
Return p l  i e rs  t o  too l  k i t .  

Hand Free o f  P 1  i e r s  

Tighten screws on swi tch  
t o  secure wi res t o  switch. 
Return screwdriver t o  k i t .  

Hand Free o f  Screwdriver 

EQUIPMENT 

W i r e  s tr ippers 

Pointed p l  i e rs  

REMARKS 
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TABLE 3-7 

DATA SHEET FOR TYPICAL HARD MAINTENANCE TEST 

TEST NO. 1333 DATE: SUBJ ECT : OBSERVER : T 

TASK SEQUENCE 

E x i t  hatch and t raverse 
t o  spacecraft mockup 
work s ta t ion .  Snap too l  
k i t  t o  spacecraft  mockup. 

Hand on Res t r a  i n t  

Engage r e s t r a i n t .  

Hand on Tool K i t  

Fasten too l  k i t  t o  space- 
c r a f t  mockup. 

Hand on Tool Used t o  
Remove Access Panel 

Procure too l  from too l  k i t  
and d isengage two fasteners 
holding access panel. 
Replace too l  i n  k i t .  

Hand on Clamp 

Obtain clamp. Remove 
access panel and clamp 
t o  spacecraft  mockup ou t  
o f  way. 

Hand on Wrench Used i n  
Next Tas k 

1 05 

EQUIPMENT 

Sandwich tool 
k i t  and hand 
h o l d  locomot ion 
aid.  

Three l e g  
r e s t r a i n t  

Two v i se  
gr ips  

Sc rewd r i ver  
( la rge)  

Lanyard 
( s t  ick/rope) 

REMARKS 



TABLE 3-7 (Continued) 

OBSERVER : TEST NO. 1333 DATE : SUBJECT : 

- 
TASK 
NO. 

6. 

7. 

8.  

9. 

TASK 
TIME 

~~ 

TASK SEQUENCE 

Procure two wrenches from 
k i t  and disengage two 
unions on p ipe  i n  f r o n t  
o f  ma i n  tenance box. 
wrenches i n  too l  k i t .  

Rep 1 ace 

F i r s t  Wrench t o  Touch Tool 
K i t  - 
Remove p ipe  segments and 
p lace i n  too l  k i t .  

Pipe Segment Contained 
i n  K i t  

Procure wrench and screw- 
d r i v e r  from k i t .  With 
screwdriver remove two w i res 
from terminal board, place on 
by-pass connector and t i gh ten  
nuts w i t h  wrench. Replace 
wrench and screwdriver. 

Hand on F i l e  Used i n  Next 
Task 
7 

Procure f i l e  from too l  k i t  and 
f i l e  notch on bar holding blacl  
box. Return f i l e  t o  too l  k i t .  

Hand on Tool f o r  Next Task 

~~ 

EQUIPMENT 

Two 10 in. 
p i pe wrenches 
50 f t / l b s  
t o  rq ue 

Small screwdriver 
and s p i n t i g h t  
wrench I I /32 in. 

F i l e  

REMARKS 

1 06 



- 
TASK 
TIME 

TABLE 3-7 (Continued) 

TASK SEQUENCE 

Procure saw and cu t  bar 
on notch. Return saw 
t o  too l  k i t .  

Hand on Tool f o r  Next Task 

Procure b o l t  cu t te rs  and c u t  
rod securing maintenance box. 
Return c u t t e r  t o  t o o l  k i t .  

Hand on Tool f o r  Next Task 

Procure wrench and remove 
bo1 t s  ho ld ing maintenance 
box t o  spacecraf t  mockup. 
Replace wrench i n  t o o l  k i t .  

Hand on Lanyard 

Release maintenance box from 
spacecraft mockup; secure 
t o  subject  w i t h  lanyard. 

Hand on Res t ra in t  Connector 
t o  Mockup 

With maintenance box i n  hand 
r e  1 ease res t ra  i n t . 
Visual Separation o f  Res t ra in t  

EQUIPMENT 

Hacksaw 

Bo1 t cu t te rs  

S c rewd r i ve r 

Small s l o t t e d  
head bo1 t s  

( la rge)  

S t i ck 1 anyard 

REMARKS 
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TABLE 3-7 (Continued) 

TASK SEQUENCE 

i n  hand to hatch area.  

Last Body Seqment t o  
Clear  Hatch I 
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TABLE 3-8 

DATA SHEET FOR SUSPENSION SIMULATION 

TASK COMPOSITE ~INTENANCE TEST 

1 TEST NO: SUSPENSION SIMULATION DATE: SUBJECT: OBSERVER : 

- 
TASK 
TIME 
L 

TASK SEQUENCE 

Traverse to spacecraft  
mockup access opening. 

Hand on Rest ra in t  

Engage r e s t r a i n t .  

Hand on Wrench 

Procure wrench from too l  
k i t  and disengage four  
b o l t s  on access panel. 
Replace wrench i n  k i t .  

Hand Free o f  Wrench 

NOTE: Panel w i l l  be 
taken from opening and 
stowed by a member o f  
the t e s t  team. 

Procure two p ipe wrenches 
from k i t and d i sengage 
two un ions on p ipe i n  
f r o n t  o f  maintenance 
box. Replace wrenches i n  
too l  k i t .  

Hand Free o f  Second Wrenct 
i n  Tool K i t  

EQUIPMENT 
~ ~~ ~ 

Rope te the r  

Single s t rap 

Socket ra tchet  
3 / 4  in. head 
f o r  hex. bo1 ts.  

Two IO in. p ipe  
wrenches 

REMARKS 

Tool k i t  i n  
place. 

I f  eye b o l t s  
are used, s t r a  
w i l l  need 
mod i f i c a t  ion. 
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TABLE 3-8 ( Con t i nued) 

TEST NO. SUSPENSION SIMULATION DATE: SUBJECT : OBSERVER : 

TASK 
TIME TASK SEQUENCE 

Unscrew p ipe  unions and 
remove pipe. Place p ipe  
i n  t oo l  k i t .  

Pipe Contained i n  K i t  

Procure wrench and screw- 
d r i v e r  from k i t .  With 
screwdriver, remove 
two wi res  from terminal 
board, p lace on by-pass 
connector and t igh ten  
nuts w i t h  wrench. Replace 
t oo l s  i n  k i t .  

Hand on F i l e  

Procure f i l e  from too l  
k i t  and f i l e  notch on 
bar. Return f i l e  t o  
too l  k i t .  

Hand on Bo l t  Cut ters 

Procure saw and c u t  bar 
on hatch. Return saw to  
t oo l  k i t .  

Hand on Bo l t  Cut ters 

Screwdriver 
(smal I )  
11/32 in. 
sp i n t  i gh t  
wrench 

F i l e  

Saw 

REMARKS : 
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TABLE 3-8 (Con t i nued) 

TEST NO. SUSPENSION SIMULATION DATE : SUBJECT : OBSERVER: 

- 
TASK 
NO. 

I O .  

- 

I I .  

12. 

- 
13. 

- 
TASK 
TIME - TASK S EQUENC E 

Procure bo1 t cu t te rs  
and cu t  rod. Return 
b o l t  cu t te rs  t o  k i t .  

Hand on Valve 

Turn valve o f f  on copper 
tubing. 

Hand on F i r s t  Wrench 
i n  K i t  

Procure two open end 
wrenches and disengage 
tub i ng t o  ma i n  tenance 
box a t  union. Return 
wrenches t o  too l  k i t .  

Hand on Hammer 

Procure punch and 
hammer and punch r i v e t  
on top of maintenance 
box. Return hammer 
and punch t o  k i t .  

Hand on Hand D r i l l  

EQUIPMENT 

Bo1 t cu t te rs  

REMARKS 

I 
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TABLE 3-8 ( Con t i nued) 

SUBJECT : OBSERVER: EST NO. SUSPENSION SIMULATION DATE : 

ASI( 
0. - 
4 .  

- 
5. 

- 
16. 

I 

17. 

TASK SEQUENCE 

Procure hand d r i l l  and 
d r i l l  ou t  r i v e t  on top 
o f  maintenance box. 
Return hand d r i l l  t o  
too l  k i t .  

Hand on Hammer 

Procure hammer and 
and punch r i v e t  f ree.  
Return hammer and punch 
t o  too l  k i t .  

Hand on Wire Cutters 

Procure w i r e  cu t t e r s  and 
cu t  two wires t o  swi tch 
on maintenance box. 
Return cu t te rs  t o  t oo l  
k i t .  

Hand on Screwdriver 

Procure screwdriver and 
remove swi tch from from 
top o f  maintenance box. 
Place removed swi tch i n  
too l  k i t ,  and procure ne 
sw i tch. I 

I Release o f  Switch no. 2 
from K i t  

EQUIPMENT 

Hand d r i l l  w i t h  
no. 27 d r i l l  

Hammer and d r i f t  
punch 

W i r e  cu t te rs  

Screwdriver w/ 
w r i s t 1 an yard 

REMARKS 
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TABLE 3-8 (Cont inued) 

TASK SEQUENCE TASK 
TIME 

P o s i t i o n  new swi tch  
i n  p lace and t i g h t e n  
screws. 

Hand on Wire St r ippers  

Procure w i r e  s t r i p p e r s  
and s t i p  one inch o f  
i n s u l a t i o n  from wi res  
t o  switch. Return s t r i p p e r s  
t o  tool k i t .  

Hand on P1 i e r s  

Procure po in ted p l  i e rs  and 
make loop on w i res and 
p lace under screws on 
switch. Return p l  i e r s  
to tool k i t .  

Hand Free of P1 i e r s  

T ighten screws on sw i t ch  
t o  secure w i res  t o  switch. 
Return screwdriver t o  tool 
k i t .  

NOTE: 
I f  t ime allows, the  t e s t  
may cont inue: 
(have team member replace 
access panel i n  the  opening.: 

EQUIPMENT 

Wire s t r i p p e r s  

Po i n  ted  
p l  i e r s  

REMARKS 
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TABLE 3-8 ( Con t i nued) 

TEST NO. SUSPENSION SIMULATION DATE: SUBJECT : OBSERVER : 

Socket T hand1 e 
replace four bo1 t s  w i t h  A l l en  head 
i n  the access panel. 
Return wrench to  k i t .  
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TABLE 3-9 

MAINTENANCE TASK DESCRIPTIONS 

DESCRIPTIONS 

I .  Traverse t o  Spacecraft Mockup With Tool K i t  and At tach 

( F u l l  g r a v i t y  tes ts  and 1211 and 1122), ( s t a r t  t ime- star t  
t e s t  command; stop time-hand on restraint)--Move from hatch 
t o  work s t a t i o n  w i t h  too l  k i t  i n  one hand and use o ther  hand 
t o  apply forces necessary f o r  locomotion. Upon a r r i v a l  a t  
work s ta t ion,  a t t ach  too l  k i t  t o  maintenance mockup w i t h  one 
hand by pushing spr ing s tee l  hook snap against  angle i r on  r i b  
u n t i l  i t  snaps i n t o  hole. 

2. Traverse t o  Spacecraft Mockup 

(Underwater t es t s  except 121 I and I 1 2 2 ) ,  ( s t a r t  t ime- star t  
t e s t  command; stop time-hand on restraint)- -Move from hatch 
t o  work s t a t i o n  using both  hands t o  apply forces necessary f o r  
1 ocomo t ion. 

3 .  Engage Res t ra in t  

( S t a r t  time-hand on r e s t r a i n t ;  stop time-hand on t oo l  k i t  
( f u l l  g r a v i t y  tests,  I 1 2 2  and 121 I), hand on too l  used t o  remove 
access panel (underwater tes ts  except I I 2 2  and 121 I ) - - R ig id  
1 eg res t ra  i n t engagement cons i s t s  o f  connect i ng the r e s t  r a  i n t 
snap hook t o  an eye on the mockup. Foot r e s t r a i n t  engagement 
consists o f  p u t t i n g  f ee t  i n  r e s t r a i n t  and connecting s t rap  te ther  
t o  mockup. Cage r e s t r a i n t  engagement consists o f  g e t t i n g  i n t o  
the cage and connecting s t rap  te ther  t o  top r i n g  o f  cage. 

4. Fasten Tool K i t  

( S t a r t  time-hand on r e s t r a i n t ;  stop time-hand on too l  
used t o  remove access panel)--Unfasten too l  k i t  from angle 
i r on  r i b  and p o s i t i o n  on two angle i r on  r ibs .  While hold ing i n  
p o s i t i o n  w i t h  one hand, use o ther  t o  ob ta in  clamp and clamp 
too l  k i t  t o  r i b .  Obtain second clamp and use t o  clamp k i t  t o  
second angle i r on  r i b .  (Th is  task was deleted f o r  a l l  underwater 
t es t s  except I 1 2 2  and 121 1 . )  
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TABLE 3-9 ( Con t i nued) 

5. Remove Four Bo l t s  i n  Access Panel 

( S t a r t  time-hand on too l  used t o  remove access panel), 
( s t op  t ime-hand on clamp)--Remove the t o o l  f rom the took k i t ,  remove 
the f i r s t  bo1 t and pu t  i t  i n  the too l  k i t ,  remove another bo1 t 
and pu t  t h i s  b o l t  i n  too l  k i t ,  remove t h i r d  bo l t ,  pu t  t h i r d  b o l t  
in too l  k i t ,  remove the f o u r t h  bo l t ,  p u t  the f o u r t h  b o l t  i n  the 
too l  k i t ,  re tu rn  the too l  t o  the too l  k i t ,  and p u t  hand on clamp. 

6. 

7. 

Clamp Panel t o  Spacecraft Mockup 

( S t a r t  time-hand on clamp; stop time-hand on too l  needed f o r  
next task)--Remove the clamp, remove the access panel, p o s i t i o n  
the access panel f o r  attachment t o  the maintenance mockup, clamp 
the panel t o  the mockup, and pu t  hand on next too l .  (Hand i s  on 
valve f o r  d i f f i c u l t  tes ts . )  

Turn O f f  Valve on Tubing 

( S t a r t  time-easy tests, hand o f f  cu t ters ,  d i f f i c u l t  tests, 
hand on valve; stop time-easy tests, hand contact w i t h  wrench, 
d i f f i c u l t  tests,  f i r s t  contact  o f  wrench t o  tube connection)-- 
For the easy tests, the tasks included pos i t i on i ng  f o r  reach, 
tu rn ing  o f f  the valve, and then touching the  too l  used i n  the 
next  task. I n  the  d i f f i c u l t  maintenance tests, the  task included 
tu rn ing  the valve o f f ,  p rocur ing the two wrenches used i n  disen- 
gaging the tube connection, pos i t i on i ng  and making contact  w i t h  
the f i r s t  wrench on p a r t  o f  the union. 

8. Cut W i res t o  Ma intenance Box 

( S t a r t  time-hand contact  w i t h  cu t te rs ;  stop time-easy tests, 
hand on valve, d i f f i c u l t  tests, hand on screwdr iver)--For the  easy 
tests, the task included removing the  cu t t e r s  from the t oo l  k i t ,  
c l i p p i n g  the f i r s t  wire, c l i p p i n g  the  second wire, re tu rn ing  the 
cu t t e r s  t o  the  too l  k i t ,  and touching the valve. For the  d i f f i c u l t  
tests, a l l  the above was done except the subject  grasped the 
screwdriver hanging from h i s  w r i s t  instead o f  touching the  valve. 

9 .  Disengage Tube-One Wrench 

wrench)--Remove wrench from too l  k i t ,  disengage f i t t i n g  hold ing tube 
t o  top o f  maintenance box, and re tu rn  wrench t o  t o o l  k i t .  

( S t a r t  time-hand contact w i t h  wrench, stop time-hand o f f  
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TABLE 3-9 (Continued) 

io .  Disengage Tube-Two Wrench 

( S t a r t  t i m e- f i r s t  contact  o f  wrench t o  connector; stop time- 
hand touches hammer i n  too l  ki t)- -Use two wrenches t o  disengage 
union o f  tubing leading t o  the top o f  the b lack box, r e tu rn  f i r s t  
wrench t o  too l  k i t ,  re tu rn  second wrench t o  too l  k i t ,  and pu t  hand 
on hammer . 

I I. Remove Two Bo1 t s  t o  Maintenance Box 

( S t a r t  time-easy tests, hand o f f  wrench, hard tests, hand 
on t o o l ;  stop time-easy tests,  hand o f f  tool ,  hard tests, hand on 
lanyard)--For the easy tests,  the task included removing the too l  
used t o  remove the two bo l ts ,  removing the  f i r s t  b o l t  and p l ac i ng  
i t  i n  the too l  k i t ,  removing the second b o l t  and p lac ing  i t  i n  
the too l  k i t ,  rep lac ing the too l  i.n the k i t .  For the hard tests,  
the task  included removing the too l  from the k i t  removing the 
f i r s t  b o l t  and p lac ing  i t  i n  the too l  k i t ,  removing the  second 
b o l t  and p lac ing  i t  i n  the too l  k i t ,  rep lac ing the t oo l  i n  the 
k i t ,  and touching the lanyard i n  the too l  k i t .  

12. Remove Maintenance Box and Secure t o  Spacecraft Mockup 

( S t a r t  time-hand o f f  wrench; stop t i m e- f i r s t  movement o f  
sub jec t  t o  access panel)--Remove the lanyard from the too l  k i t ,  
a t tach  the maintenance box t o  the lanyard, and a t tach  the 
lanyard t o  the spacecraft  mockup. 

13. Pos i t i on  Access Panel i n  Opening 

( S t a r t  t i m e- f i r s t  movement o f  subject  toward panel; s top 
t ime- posi t ion o f  f i r s t  fastener i n  panel f o r  f i nge r  t igh ten ing)- -  
Hold access panel w i t h  one hand and release clamp w i t h  other, 
p o s i t i o n  access panel i n  opening, procure f i r s t  fastener from 
too l  k i t  and f inger  t ighten, and touch t o o l  f o r  t i gh ten ing  bo l t s .  

14. Finqer Tighten Bol ts  i n  Access Panel 

( S t a r t  t ime-pos i t i on ing  o f  f i r s t  fastener on panel f o r  f i nge r  
t igh ten ing;  stop time-hand on t oo l  i n  k i t ) - - F inger  t i gh ten  f i r s t  
bo l t ,  procure second b o l t  from k i t  and f i nge r  t ighten, procure t h i r d  
b o l t  from k i t  and f i nge r  t ighten,  procure f o u r t h  b o l t  from k i t  and 
f inger  t ighten, and touch t o o l  fo r  t i gh ten ing  bo l t s .  
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TABLE 3-9 ( Con t i nued) 

15. Tighten Bol ts  i n  Access Panel With Wrench 

(Never t ightened a l l  four  bo l ts ) .  

16. Attach Lanyard t o  Maintenance Box 

( S t a r t  time-hand on lanyard; stop t ime- f i r s t  movement o f  
S t o  panel)--Remove maintenance box from access opening, a t tach  
lanyard t o  maintenance box, and at tach lanyard t o  spacecraft  
mockup. 

Release Maintenance Box end Release Rest ra in t  17. 

( S t a r t  time-easy tests, too l  contact w i t h  k i t ,  hard tests, 
hand on lanyard; stop time, v isual  separation o f  res t ra in t ) - -  
Easy tests, remove maintenance box f r o m  spacecraft mockup, a t tach  
t o  s u i t  she l l ,  and disengage r e s t r a i n t .  For hard tests, remove 
maintenance box from access opening and remove lanyard, a t tach  
lanyard t o  maintenance box and t o  s u i t  she l l  and release r e s t r a i n t .  

IS. Traverse t o  Hatch With Maintenance Box 

( S t a r t  t ime-visual separation o f  r e s t r a i n t ;  stop t ime- last  
body segment t o  c lea r  hatch)--This task requi red the subject t o  
use h i s  hands and a locomotion a i d  t o  move from h i s  work s t a t i o n  
t o  the hatch. 

19. Punch Rivet  on Top o f  Maintenance Box 

( S t a r t  time-hand touches hammer I n  too l  k i t ;  stop time-hand 
on next tool)--Remove hammer from too l  k i t ,  remove punch from too l  
k i t ,  p lace punch on r i v e t  and s t r i k e  i t  w i t h  the hammer u n t i l  
the r i v e t  has been adequately center-punched, re tu rn  the hammer 
t o  the too l  k i t ,  re tu rn  the punch t o  the  too l  k i t ,  and place hand 
on the too l  t o  be used i n  the next task. 

20. D r i l l  Out Rivet  

( S t a r t  time-hand on d r i l l  o r  brace; stop time-hand on hammer)-- 
Remove d r i l l  o r  brace from too l  k i t ,  d r i l l  u n t i l  the r i v e t  has been 
removed, replace d r i l l  o r  brace i n  too l  k i t ,  and pu t  hand on next 
too l  . 
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TABLE 3-9 ( Con t i nued) 

21.  Remove Top From Maintenance Box and Fasten t o  Spacecraft Mockup 

( S t a r t  time-hand on screwdriver; stop time-hand on too l  f o r  
next task)--Remove screwdriver from too l  k i t ,  loosen f i r s t  screw 
securing top, loosen second screw securing top, pu t  w r i s t  lanyard 
attached t o  screwdriver around wr is t ,  remove clamp f r o m  too l  k i t ,  
remove top from maintenance box, clamp top t o  spacecraft  mockup, 
pu t  hand on too l  f o r  next task. 

2 2 .  Remove Switch From Maintenance Box 

( S t a r t  time-hand on screwdriver; stop time-release o f  second 
swi tch from too l  k i  t)--Remove f i r s t  screw from switch, remove 
second screw from switch, remove swi tch from maintenance box, 
place swi tch i n  too l  k i t ,  and remove replacement swi tch from k i t .  

23.  Replace Switch i n  Maintenance Box 

( S t a r t  time-release o f  second swi tch from too l  k i t ;  stop 
time-hand touching too l  needed i n  next task)--Place swi tch i n  
maintenance box, t i gh ten  f i r s t  screw, and touch too l  used i n  next 
task. 

24 .  S t r i p  I n s u l a t i o n  From Wires 

( S t a r t  time-hand touching w i r e  s t r ippers ;  stop time-hand 
touching p l  iers)--Remove w i r e  s t r i ppe rs  from too l  k i t ,  s t r i p  f i r s t  
end o f  wire, s t r i p  one inch from end o f  second wire, re tu rn  w i r e  
s t r i ppe rs  t o  too l  k i t ,  and pu t  hand on p l i e r s .  

25.  Loop Two Wires and Place Under Screws 

( S t a r t  time-hand on p l  iers ;  stop time-hand f ree  o f  p l i e rs )- -  
Remove p l i e r s  from too l  k i t ,  loop s t r ipped end o f  f i r s t  w i r e  and 
p lace under screw,loop s t r ipped end o f  second w i r e  and place under 
sccew,and re tu rn  p l  i e r s  t o  too l  k i t .  

26.  Tighten Two Wires Under Screws 

( S t a r t  time-hand f ree  o f  p l i e r s ;  stop time-hand f r e e  o f  
screwdriver)--Grasp screwdriver hanging on lanyard from wr is t ,  
t i gh ten  f i r s t  screw, t i gh ten  second screw, and release screwdriver. 
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TABLE 3-9 (Continued) 

27 .  D i sengage P ipe 

( S t a r t  time-hand on p ipe  wrench; stop t i m e- f i r s t  wrench t o  
touch t oo l  k i t )  --Remove f i r s t  p ipe  wrench, remove second p i pe  
wrench, us ing two wrenches loosen f i r s t  union, using two wrenches 
loosen second union, and touch too l  k i t  w i t h  f i r s t  p i pe  wrench. 

28 .  Put Pipe i n  K i t  

( S t a r t  t ime-f i r s  t wrench t o  touch t oo l  k i t ,  s top t ime-p ipe 
segment contained i n  k i t ) - -Pu t  f i r s t  p ipe  wrench i n  k i t ,  p u t  
second p ipe wrench i n  k i t ,  loosen f i r s t  union w i t h  hands, loosen 
second unions w i t h  hands, remove segment, and place segment under 
bungee cords on too l  k i t .  

29 .  Move Two Wires From Under Screws t o  Nuts and Tighten 

( S t a r t  t ime-pipe segment contained i n  k i t ;  stop time-hand 
on fil@)--Remove wrench from too l  k i t ,  remve  screwdriver from 
too l  k i t ,  remove f i r s t  w i r e  on terminal  board w i t h  screwdriver 
and place on bypass connector, remove second w i r e  from terminal 
board w i t h  screwdriver and place on bypass connector, t i gh ten  f i r s t  
w i r e  under nut  on bypass connector w i t h  wrench, t i gh ten  second 
nu t  on bypass connector w i t h  srench, re tu rn  wrench t o  too l  k i t ,  
re tu rn  screwdriver t o  too l  k i t ,  and p lace hand on f i l e .  

30 .  F i l e  Notch 

( S t a r t  time-hand on f i l e ;  stop time-hand on too l  f o r  next  
task)--Remove f i l e  from too l  k i t ,  f i l e  notch on bar t o  maintenance 
box large enough f o r  saw blade t o  be retained, r e tu rn  f i l e  t o  
too l  k i t ,  and touch too l  needed f o r  next  task. 

31. Saw Bar 

( S t a r t  time-hand on saw; stop time-hand on too l  fo r  next  
task)--Remove saw from too l  k i t ,  saw bar u n t i l  completely 
severed, re tu rn  saw t o  t o o l  k i t ,  and place hand on tool t o  be 
used i n  next task. 

3 2 .  Cut B o l t  

( S t a r t  time-hand on b o l t  cu t te rs ;  stop time-hand on t oo l  f o r  
next task)--Remove b o l t  cu t te rs  from too l  k i t ,  c u t  rod leading t o  
maintenance box, r e tu rn  b o l t  cu t te rs  t o  too l  k i t ,  and p lace hand 
on too l  t o  be used i n  next  task. 
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TABLE 3-10 

PROCEDURES FOR ANTENNA ASSEMBLY 
TASK SEQUENCE 

STEP DESCRIPTION 

I .  

2. 

3.  

4 .  

5 .  

6. 

7. 

8.  

9 .  

IO. 

I I .  

12.  

13. 

14.  

Subject moves v i a  r i g i d  po le  t o  hatch and attaches l i n e  one. 

Procures f i r s t  package and attaches 1 ine two t o  the  package. 

Attaches snap on package over l i n e  one. 

Subject p lays o u t  both l i n e s  and moves v i a  hand r a i l  t o  
antenna boom t o  work pos i t i o n  one. 

Subject engages r e s t r a i n t .  

Attaches l i n e  one t o  maintenance boom r e s t r a i n t  support, 
p u l l s  l i n e  t a u t  and t i e s  o f f .  

With 1 ine two, subject  p u l l s  package along 1 ine one to the  
work s t a t  ion. 

Procures package and engages i n  j o i n t  on f r o n t  o f  antenna boom. 

Subject removes f i r s t  j o  int/beam from package and engages. 

Repeats joint/beam engagement f o r  f i v e  j o i n t s  as f o l  lows: 

I 2 

5 0-x-a PACKAGE 

4 3 

Subject removes package and engages on top o f  j o i n t  2.  

Removes s i x t h  joint/beam and places i t  where package was 
o r i g i n a l l y  attached. 

Subject removes beam and engages i n  j o i n t  one t o  l e f t .  

Beam two i s  removed and placed i n  j o i n t  number two t o  r i g h t .  
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TABLE 56 I 0 ( Con t i nued) 

STEP D ESCRI  PTI ON 

15. Subject continues t o  b u i l d  antenna to the f o l l ow ing  con f igura t ion .  

16. 

17. 

18. 

19. 

2 0 .  

21. 

22. 

2 3 .  

2 4 .  

25. 

2 6 .  

2 7 .  

Subject c o i l s  l i n e  two and attaches t o  s e l f .  

Releases l i n e  one a t  antenna work s ta t ion .  

Moves v i a  antenna boom t o  maintenance boom connection a t  
mockup. 

Procures t oo l  from holder and releases lock ing  b o l t  on mainten- 
ance boom. 

Moves boom t o  work pos i t  ion two (ma rked on p l  ate)  . 
With too l  t ightens maintenance boom lock  n u t  i n  pos i t ion .  
( A t  t h i s  time, d ivers  remove l e g  r e s t r a i n t  hardware from 
maintenance boom and replace w i t h  the  f oo t  r e s t r a i n t  hardware.) 

Subject releases sa fe t y  1 ine and moves v i a  antenna boom and 
hand r a i l  t o  hatch. 

Attaches sa fe ty  1 ine. 

Procures second package and snaps t o  l i n e  one. 

Attaches l i n e  two t o  package and plays l i n e s  and package out .  

Attaches both l i n e s  t o  s e l f .  

Moves v i a  r i g i d  rope and hand holds t o  work s t a t i o n  two. 
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TABLE 3- IO (Con t inued) 

STEP DESCRIPTION 

28. Subject attaches sa fe ty  l i n e  and engages r e s t r a i n t .  

29. P u l l s  l i n e  one tau t .  

30. Attaches t o  foot  r e s t r a i n t  hardware and t i e s  o f f .  

31. P u l  Is l i n e  two and re t r ieves  package. 

32. Engages package a t  antenna j o i n t  7. 

33. Procures joint/beam and at taches t o  beam IO, 

34. Removes package and repos i t ions a t  j o i n t  19. 

35. Subject repeats j o i n t  and beam engagements f o r  antenna 
as fo l lows: 

36. 

37.  

38. 

39. 

40. 

41. 

42. 

Subject c o i l s  l i n e  two and attaches t o  s e l f .  

Releases l i n e  one a t  work s ta t ion .  

Moves v i a  hand holds and r i g i d  rope t o  maintenance boom 
connect ion a t  mockup. 

Fastens sa fe t y  1 ine. 

Procures t oo l  from holder and releases lock ing  b o l t  on 
maintenance boom. 

Subject moves boom t o  work pos i t  ion three (marked on p l a t e ) .  

With tool ,  t ightens boom lock ing  b o l t .  
( A t  t h i s  time, d ivers  remove foo t  r e s t r a i n t  hardware from 
maintenance boom and replace i t  w i t h  cage r e s t r a i n t  hardware.) 

123 i 



TABLE 3- IO ( Con t i nued) 

STEP DESCRIPTION 

43 .  Subject releases sa fe t y  1 ine and moves v i a  hand r a i l  t o  
hatch. 

44.  Subject attaches sa fe t y  1 ine. 

45 Procures t h i r d  package and snaps package t o  l i n e  one. 

46 .  

47 .  

48 .  

49 .  

50. 

51. 

52.  

53.  

54 .  

55 .  

56. 

57 * 

58 

59 

60 .  

Attaches l i n e  two t o  package and p lays l i n e  and package out. 

Attached both l i nes  t o  se l f .  

Moves v i a  r i g i d  po le  t o  work s t a t i o n  three 

Attaches safety  l i n e  and gets i n  r e s t r a i n t .  

P u l l s  l i n e  one t au t .  

Attaches t o  top r a i l  o f  cage and t i e s  o f f .  

P u l l s  l i n e  one and re t r i eves  package. 

Engages package a t  antenna j o i n t  5.  

Procures joint/beam and at taches t o  beam 8 .  

Removes package and repos i t ions a t  j o i n t  31. 

Subject repeats j o i n t  and beam engagement f o r  the antenna as 
fo l lows:  

Subject c o i l s  1 ine two and attaches t o  se l f .  

Releases 1 ine one a t  work s ta t ion .  

Releases sa fe ty  1 ine and disengages from r e s t r a i n t .  

Moves v i a  r i g i d  po le  t o  hatch. 
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packages was attached t o  the face o f  the antenna d i sh  w h i l e  the other  
was being unfolded and attached. A f te r  a t tach ing  the  f i r s t  two 
packages, the  subject  repos i t ioned the  boom and procured the next  
two panel packages, attached them t o  the antenna face, repos i t ioned 
the boom, procured the l a s t  t w o  panel packages, and at tached them to 
the  antenna face. A t  each repos i t ion ing  o f  the boom, t he  r e s t r a i n t  
mode was changed by the d iver .  The general procedures for  assembly 
o f  the antenna face a re  l i s t e d  i n  Table 3-11. 

The subject  received ins t ruc t ions  f o r  assembling the  l a rge  
r i g i d  modules dur ing the test .  The f i r s t  task accomplished by the  
subject  was t h a t  o f  pos i t i on ing  the boom. The subject  then bo l t ed  
sect ion t o  sec t ion  to complete assembly. A f t e r  completion o f  the  
assembly o f  the two modules, the  bottom module was attached to  the  
top module w i t h  bungee cords. 
t o  h i s  work pos i t ion .  He used a bungee cord t o  t e the r  the module to 
h i s  work s ta t i on .  
r o t a t i n g  the modules w h i l e  drawing them c loser  together and secur ing the 
bo l ts .  The subject  then traversed t o  the opposi te s i de  o f  the  module 
and attached a rope 1 ine. He then traversed t o  the  s i de  o f  the tank 
and attached the  other  end o f  t he  rope l i n e .  He returned t o  h i s  work 
s t a t i o n  and untethered the module. He traversed back t o  the ladder 
and tethered himsel f .  He then used the  rope l i n e  t o  p u l l  the  module 
t o  the ladder and t i e d  the module t o  the ladder. 

The subject  p u l l e d  both module assembl ies 

Mating o f  the two modules was accomplished by 

As i n  the la rge  r i g i d  module assembly, the subject  received 
ins t ruc t ions  f o r  the e rec t ion  o f  the la rge  i n f l a t a b l e  modules dur ing 
the test .  The subject  procured the f i r s t  fo lded i n f l a t a b l e  module 
a t  the spacecraf t  mockup hatch, t raversed t o  the end o f  the  boom, 
unfolded the module, and placed the module on the boom near the  space 
c r a f t  mockup i n  such a manner t h a t  the boom was through the  center 
ho le  o f  t he  doughnut shaped i n f l a t a b l e  module. The subject  returned 
t o  the hatch, procured the second i n f l a t a b l e  module, and placed i t  
over the boom i n  the same manner as the f i r s t .  The second module 
was pos i t ioned  approximately IO f t  f a r t he r  from the spacecraft 
mockup than the f i r s t  module. The subject  then procured one o f  the 
sol i d  extension poles, fastened i t  i n  p lace between the two modules, 
and extended the  po le  t o  f u l l  length. Next, the o the r  three extension 
support poles were pos i t ioned and extended. The subject  attached the  
fill hose t o  the module nearest the maintenance mockup and opened the 
valve. When t h i s  module was complet ly i n f l a t e d  w i t h  water the subject  
closed the valve, detached the f i l l  hose, attached i t  t o  the second 
module, and opened the f i l l  valve. Upon i n f l a t i o n  o f  the  second module, 
the subject  detached the f i l l  hose, attached a rope 1 ine a t  one p o i n t  
on the module, t raversed t o  the  ladder a t  t he  west s i de  o f  the tank, 
and p u l l e d  the  module t o  the  ladder. 
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TABLE 3-1 I 

PROCEDURES FOR ANTENNA PANEL TEST 
TASK SEQUENCE 

STEP DESCRIPTION 

1 .  

2 .  

3. 

4. 

5 .  

6. 

7. 

a. 

9. 

I O .  

I I .  

12.  

Subject moves v i a  r i g i d  po le  t o  hatch and attaches l i n e  one. 

Procures two packages and attaches l i n e  two t o  the packages. 

Attaches snaps on packages over l i n e  one. 

Subject p lays ou t  both l i n e s  and moves v i a  hand r a i l  t o  
antenna boom t o  work p o s i t i o n  one. 

Subject engages r e s t r a i n t .  

Attaches 1 ine one t o  maintenance boom r e s t r a i n t  support, 
p u l l s  l i n e  t a u t  and t i e s  o f f .  

With Tine two, subject  p u l l s  packages along 1 ine one t o  
the work s ta t ion .  

Procures packages and attaches t o  antenna dish. 

Removes f i r s t  package from stowed p o s i t i o n  and pos i t i ons  
package fo r  attachment. 

Subject makes f i r s t  connection a t  the top o f  the antenna 
and moving clockwise attaches each e x t e r i o r  connection o f  the 
f i r s  t panel . 
Subject moving c l o c h i s e  attaches the two connections on 
the next panel and continues t h i s  procedure f o r  the next  
two panels. 

Subject removes stowed package and pos i t  ions f o r  attachment 
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TABLE 3- I I (Cont i nued) 

STEP DESCRIPTION 

13. Proceeding as w i t h  the f i r s t  package, subject  attaches 
and connects package t w o  t o  t he  antenna. 

14. Subject c o i l s  1 ine two and attaches t o  s e l f .  

15. Releases l i n e  one a t  antenna work s ta t i on .  

16. Re1 eases r e s t r a i n t .  

17. Moves v i a  antenna boom to  maintenance boom connection a t  
mockup. 

18. Fastens sa fe t y  1 ine. 

19. Procures t oo l  from holder and releases lock ing  b o l t  on 
maintenance boom. 

2 0 .  Moves boom to work p o s i t  ion tw; (marked on p la te ) .  

21 .  With tool t ightens maintenance boom l o c k  nut i n  pos i t ion .  
( A t  t h i s  time, d ivers  remove l eg  r e s t r a i n t  hardware from 
maintenance boom and replace w i t h  foot  r e s t r a i n t  hardware.) 

22.  Subject releases sa fe ty  l i n e  and moves v i a  antenna boom and 
hand r a i l  to hatch. 

23. Attaches sa fe t y  1 ine. 

24 .  Procures package 3 and 4 and snaps t o  l i n e  one. 

2 5 .  Attaches packages 3 and 4 t o  1 ine two and plays 1 ines and 
package out.  
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TABLE 3-1 I (Continued) 

STEP DESCRIPTION 

26. Attaches both 1 ines t o  s e l f .  

27. Releases sa fe t y  l i n e  and moves v i a  r i g i d  rope and hand 
holds t o  work s t a t i o n  two. 

28. Engage r e s t r a i n t  and a t t ach  sa fe t y  l i n e .  

29.  P u l l s  l i n e  one tau t  and t i e s  o f f  on r e s t r a i n t  hardware. 

30. P u l l s  l i n e  two and re t r ieves  package. 

31. 

32. Removes f i r s t  package (No. 3 )  from stowed p o s i t i o n  

Procures packages and attaches t o  antenna dish.  

and pos i t i ons  package f o r  attachment. 

33. Subject makes f i r s t  connection a t  the  top o f  the antenna 
and moving clockwise, attaches each e x t e r i o r  connect ion 
o f  t he  f i r s t  panel. 

34. 

35. 

36. 

37. 

38. 

39. 

40 

41. 

Subject moving clockwise attaches the two connections on 
the next panel and continues t h i s  procedure f o r  t he  next 
two panels. 

Subject moving clockwise attaches the t w o  connections on 
the next panel and continues t h i s  procedure f o r  the  next 
two panels. 

Subject removes stowed package (No. 4) and pos i t ions  f o r  
attachment. 

Proceeding as w i t h  package (No. 3), sub ject  attaches and 
connects package two t o  the antenna. 

Subject c o i l s  l i n e  t w o  and attaches t o  se l f .  

Releases l i n e  one a t  antenna work s t a t i o n  two. 

Releases r e s t r a i n t  and sa fe ty  1 ine. 

Moves v i a  hand holds and r i g i d  rope to maintenance boom connection 
a t  mockup. 
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TABLE 3- I I (Continued) 

STEP DESCRIPTION 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

Fastens sa fe t y  1 ine. 

Procures tool from holder and releases lock ing  b o l t  on 
maintenance boom. 

Subject moves maintenance boom t o  work p o s i t i o n  three 
(marked on p la te ) .  

With tool ,  sub ject  t ightens lock ing  b o l t .  ( A t  t h i s  time, 
d ivers  remove f o o t  r e s t r a i n t  hardware from maintenance boom 
and replace i t  w i t h  cage r e s t r a i n t  hardware.) 

Subject releases safety l i n e  and moves v i a  hand r a i l  t o  hatch. 

Subject attaches safety 1 ine. 

Procures packages 5 and 6 and snaps t o  1 ine one 

Attaches 1 ine two t o  packages 5 and 6 and plays l ines,  and 
packages ou t  . 
Attaches both 1 ines t o  s e l f .  

Moves v i a  r i g i d  po le  t o  work s t a t i o n  three. 

Attaches sa fe ty  l i n e  and gets in  r e s t r a i n t .  

P u l l s  l i n e  one tau t  and t i e s  o f f  on r e s t r a i n t  hardware. 

P u l l s  l i n e  two and re t r i eves  package. 

Procures packages and at taches t o  antenna dish.  

Removes f i r s t  pacKage (No. 5 )  from stowed p o s i t i o n  and 
pos i t i ons  package f o r  attachment. 

Subject makes f i r s t  connection a t  the top o f  the antenna 
and moving clockwise attaches each e x t e r i o r  connection o f  
the f i r s t  panel. 

Subject moving clockwise attaches the  two connections on 
the  next panel and continues t h i s  procedure f o r  the next 
two panels. 
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TABLE 3- I I (Continued) 

STEP D ES C R I PT I ON 

59 Subject removes stowed package (No. 6) and attaches and 
connects the l a s t  two panels. 

60. Subject c o i l s  l i n e  two and attaches to  s e l f .  

61. Releases 1 ine one a t  work stat ion.  

62. Releases safety  1 ine and disengages from r e s t r a i n t .  

63. Moves via r i g i d  pole t o  hatch. 
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The l a s t  la rge  module t e s t  conducted was one i n  which the subject  
assembled a sec t ion  o f  the  antenna i n  the  six-degree-of-freedom suspension 
s imulator.  Again, the subject  was al lowed the freedom o f  assembl ing 
the antenna i n  the  manner he desired. The hardware used i n  t he  assembly 
'was handed t o  him piecemeal by an ass i s tan t  throughout t he  assembly 
process. The f i n a l  con f igura t ion  t h a t  was assembled by the  subject  
i n  the suspension s imulator  i s  schematical ly depicted i n  Figure 3-1. 

The d i f f e r e n t  s izes o f  t oo l s  and b o l t s  used throughout t e s t i n g  
and the categor ies t o  which they were assigned a re  l i s t e d  i n  Tables 
2-1 and 2-2. 

The tool and fastener var iab les used i n  each t e s t  a re  l i s t e d  by 
task i n  Table 3- 12.  Those tasks t h a t - d i d  no t  requ i re  the  use o f  a t oo l  
o r  fastener, such as t ravers ing  o r  engaging res t ra in ts ,  a re  no t  included 
i n  t h i s  table.  The tasks performed under f u l l  gravi ty,  unsui ted condi t ions 
a re  not  included e i ther ,  since these tes t s  were t r a i n i n g  events t o  f u rn i sh  the 
subject  w i t h  some experience i n  performing the  task procedures, t o  g i v e  
the human engineer p r a c t i c e  i n  recording observations and measuring task 
times, t o  prov ide evidence t h a t  the tasks could a t  l eas t  be performed by 
the subject  i n  an unsui ted condi t ion,  and to evaluate d i f f e r e n t  hardware 
concepts . 
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Shaded Area 
Represents 

Pane 1 
Attachment 

Figure 3-1. Schematic of Antenna Section Assembled 

i n  Suspension Simulator 
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TABLE 3-1 2 

TOOL AND FASTENERS USED I N  TASKS 

iIMULATION, 
'ASK, LOCOMO- 
' ION AID, RES- 
'RAINT CODE 

2101 
21 02 
220 I 
2202 
230 I 
2302 

I I I I  

1133 

I144 

I155 

I244 

I255 

131 I 

I322 

I344 

I355 

I336 

21 01 

21 02 

2201 

2202 

230 I 

_ _ ~ ~  ~ 

TOOL AND/OR FASTENER MANIPULATED 

2 Vise Grips 
2 " C" C1  amps 
2 Spring Clamps w i t h  B o l t  Separator 
2 Vise Grips 
2 "C" Clamps 
2 'I C" C 1  amps 

TASK 
DESCRIPTION 

FASTEN 
TOOL 
KIT 

REMOVE 
BOLTS TO 
ACCESS 
PANEL 

Ratchet w i t h  3/4 in. Socket, Large 
Hex-Head Bo1 t s  
Ratchet w i t h  9/16 in. Socket, Medium 
Hex-Head Bo1 t 
"T" Handle w i t h  3/16 in. I n t .  Wrench 
Head, Smal l  I n t .  Bo l ts  
15/32 in. T ip  Width Screwdriver, Large 
S lo t ted  Bo1 t s  
15/32 in. T ip  Width Screwdriver, Medium 
S lo t ted  Bol ts  
'IT' Handle w i t h  3/16 in. I n t .  Wrench 
Head, Small I n t .  Bol ts  
6/32 in. T ip  Width Screwdriver, Small 
S lo t ted  Bo1 t s  
15/32 in. T ip  Width Screwdriver, Large 
S lo t ted  Bo1 t s  
6/32 in. T ip Width Screwdriver, B o l t  
Size 
15/32 in. T ip  Width Screwdriver, Small 
S lo t ted  Bo1 t s  
15/32 in. T i p  Width Screwdriver, Medium 
S lo t ted  Bo1 t s  
Ratchet w i t h  3/4 in. Socket, targe Hex- 
Head Bol ts  (201) Torque) 
"T" Handle w i t h  3/8 in. I n t .  Wrench 
Head, Large In t .  Bo1 t s  (20H Torque) 
9/16 in. Closed End Wrench, Medium Hex. 
Head Bol ts  (20* Torque) 
'IT' Handle w i t h  3/16 in. I n t .  Wrench Head, 
Small In t .  Bo1 t s  (20* Torque) 
"l" Handle w i t h  3/16 in. I n t .  Wrench Head, 
Small I n t .  Bol ts  

133 



TABLE 3- I 2  (Cont inued) 

TASK 
DESCRIPTION 

REMOVE 
BOLTS TO 
ACCESS 
PAN EL 
(Cont .) 

REMOVE 
AND CLAMP 
ACCESS 
PAN E L 

CUT WIRES 
TO MAINTEN- 
ANCE BOX 

IMULATI ON, 
ASK, LOCOMO- 
I O N  A I D  

ODE 
ESTRAI N+ 

2302 
3, I ,  0 , 6  
30 4. 0, 6 
3. t 08 6 

1 1 1 1  
I133 
I144 
I I55 
I244 
I255 
131 I 
I322 
I344 
I355 
1336 
21 01 
21 02 
220 I 
2202 
230 I 
2302 

1 1 1 1  
I133 
I144 
I155 
I244 
I255 
2101 
21 02 
220 I 
2202 

3. I .  0. 6 
3, 2 . 0 ,  6 
3. 3. 0 1 6  

TOOL AND/OR FASTENER MANIPULATED 

6/22 in. T ip  Width Screwdriver, Large 
S lo t ted  Bo1 t s  
Ratchet w i t h  3 / 4  in. Socket, Large Hex 
Head bo1 t s  

Spring Clamp w i t h  B o l t  
Rope Lanyard 
Spring Clamp w i t h  B o l t  
S t r i ng  Lanyard 
'IC" Clamp 
Rope Lanyard 
Spring Clamp w i t h  Rubber Tips 
Bungee Cord 
S t r i n g  Lanyard 
Rope/Stick Lanyard 
Rope/Stlck Lanyard 
Spring Clamp w i t h  B o l t  Separator 
Vise Grips 
Two Spring Clamps-Rubber Tips 
"C" C1  amp 
Two Spring Clamps-Rubber Tips 
Two Spring Clamps-Rubber Tips 

Diagonal Cu t t ing  P1 i e r s  
Diagonal Cu t t ing  P l i e r s  
Diagonal Cu t t ing  P l i e r s  
Diagonal Cu t t ing  P l i e r s  
Diagonal Cu t t ing  P1 i e r s  
Diagonal Cu t t ing  P1 i e r s  
Diagonal Cu t t ing  P1 i e r s  
Diagonal Cu t t ing  P l i e r s  
Combination P1 i e r s  
Diagonal Cu t t ing  P1 i e r s  
Diagonal Cu t t ing  P1 i e r s  I 
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TABLE 3- I 2  (Continued) 

TASK, LOCOMO- 

DISENGAGE 
TUBE 
CONNECT1 ON 
TO MAINTEN- 
ANCE BOX 

REMOVE 
BOLTS TO 
MAINTENANCE 
B OX 

'RAINT CODE 

1 1 1 1  
I133 
I144 
I155 
I244 
I255 
21 01 
21 02 
2201 
2202 

3 1 0 6  - 
3: 2' 0: 6 
3, 3: 0, 6 

. . . .  

I133 

I144 

I155  

131 I 
I322 

I344 

I355 

I336  

21 01 

21 02 

230 I 

2302 

TOOL AND/OR FASTENER MANIPULATED 

1/2 in. Open End Wrench 
Sel f -Adjust ing Hook Wrench 
1/2 in. Open End Wrench 
Crescent Wrench 
Crescent and Sel f- Adjus t ing Hook Wrench 
9/16 in. and 11/16 in. Open End Wrenches 
I /2 in. Open End Wrench 
C rescent Wrench 
9/16 and 11/16 in. Open End Wrenches 
Crescent and Sel f- Adjus t  ing Hook Wrench 
9/16 in. and 11/16 in. Open End Wrenches 

t t  l" Handle w i t h  3/4 in. Socket, Large 
Hex Head Bo1 t s  
"Tt Handle w i t h  9/16 in. Socket, Medium 
Hex Head Bo1 t s  
Ratchet w i t h  3/16 in. I n t .  Wrench Head, 
Small I n t .  Bo l ts  
15/32 in. T i p  Width Screwdriver, Large 
S lo t t ed  Bo1 t s  
Crescent Wrench, Small Hex Head Bol ts  
15/32 in. T i p  Width Screwdriver, Smal 
S lo t ted  Bo1 t s  
"l" Handle w i t h  3/16 in. I n t .  Wrench 
Head, Small I n t .  Bo l ts  
15/32 in. T ip  Width Screwdriver, Smal 
S lo t t ed  Bo1 t s  
15/32 in. T i p  Width Screwdriver, Small 
S l o t t ed  Bo1 t s  
"7" Handle w i t h  314 in. Socket, Large 
Hex Head Bo1 t s  
Ratchet w i t h  3/8 in. I n t .  Wrench Head, 
Large I n t .  Bo l ts  
"'T" Handle w i t h  7/16 in. A l l e n  Head, 
Smal 1 A1 l e n  Bo1 t s  
15/32 in. T ip  Width Screwdriver 
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TABLE 3- I 2 ( Continued) 

TASK 
DESCR I PTI ON 

7 
MAINTENANCE 
BOX AND 
SECURE TO 
S PAC EC RA FT 
MOCKUP 

POSITION 
ACCESS PANEL 
I N  OPENING 

FINGER 
T I G HTE N 
BOLTS I N  
ACCESS PANEL 

TIGHTEN 
BOLTS I N  
ACCESS PANEL 
WITH WRENCH 

IMULATI ON, 
ASK, LOCO- 

ESTRA I NT 
OD E 

I I I I  
I I33 
I144 
I155 
21 01 
21 02 

IOTION AID, 

1 1 1 1  
I133 
I144 
I155 
21 01 
21 02 

1 1 1 1  
I133 
I I44 
I155 
21 01 
21 02 

1 1 1 1  

I I33 

I144 

I155 

~ 

TOOL AND/OR FASTENER MANIPULATED 

S t i c k  Lanyard 
S t i c k  Lanyard 
S t i ck Lanyard 
S t i c k  Lanyard 
Snap Lanyard 
Snap Lanyard 

Spring Clamp w i t h  B o l t  
Rope Lanyard 
Spring Clamp w i t h  B o l t  
S t r i n g  Lanyard 
Snap Lanyard 
Vise Grips 

Large Hex. Head Bo1 t s  
Medium Hex Head Bol ts  
Small I n t .  Wrenching Bol ts  
Large S lo t ted  Bol ts  
Large Hex Head Bol ts  
Large I n t .  Wrenching Bo1 t s  

Ratchet w i t h  3 / 4  in. Socket, Large Hex Head 
Bo1 t s  
Ratchet w i t h  9/16 in. Socket, Medium Hex 
Head Bol ts  
"T" Handle w i t h  3/16 in. I n t .  Wrench Head 
Small In t .  Bol ts  
15/32 in. T i p  w id th  Screwdriver, Large 
S lo t ted  Bo1 t s  
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TABLE 3-  I 2 ( Con t i nued) 

' 
TASK 
DESCRIPTION 

TIGHTEN 
BOLTS I N  
ACCESS PANEL 
WITH WRENCH 
( Con t i nued) 

ATTACH 
LANYARD TO 
MAINTENANCE 
BOX 

RE LEAS E 
MAINTENANCE 
BOX AND 
RESTRAINT 

PUNCH RIVET 
ON TOP OF 
MAINTENANCE 
B OX 

DRILL OUT 
RIVET 

5 I MULATI ON, 
TASK, LOC OMO- 
r I O N  A I D ,  RES- 
rRAINT CODE 

21 01 

21 02 

131 I 
I322 
I344  
I355  
I 336  
238 I 
2302 

1 1 1 1  
I133 
I144  
I155 
21 01 
21 02  

1244 
I255 
220 I 
2202 

3. 2, 0 .  
3. 3, 0 .  

3. I v 0 .  6 

8 

I244  
I255  
220 I 
2202 

3. 1 .  0 .6  

3, 3 .  0 . 6  
3' 2, 0 ,  6 

TOOL AND/OR FASTENER MANIPULATED 

Ratchet w i t h  3 / 4  in. Socket, Large 
Hex Head Bol ts  
"T" Handle w i t h  3 / 8  in. I n t .  Wrench 
Head I n te rna l  Bo l t s  

S t i c k  Lanyard 
S t i ck Lanyard 
S t i c k  Lanyard 
S t i c k  Lanyard 
S t i c k  Lanyard 
Snap Lanyard 
Snap Lanyard 

S t i c k  Lanyard 
S t i c k  Lanyard 
S t i c k  Lanyard 
S t i c k  Lanyard 
Lanyard w i t h  Snaps 
Lanyard w i t h  Snaps 

Center Punch 
Center Punch 
Center Punch, 24 02. Head Hammer 
Center Punch, 24 02. Head Hammer 
Center Punch Hammer 

Open Ratchet B i t  Brace 
Hand D r i l l  
Hand D r i l l ,  D r i f t  Punch, 24 02 .  Head Hammer 
Open Ratchet B i t  Brace 
Hand D r i l l ,  D r i f t  Punch, Hammer 
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TABLE 3- I 2 ( Cont i nued) 

c L 

TOOL AND/OR FASTENER MANIPULATED 

I O N  AID, RES 

REMOVE TOP 
FROM MAIN- 
TENANCE 
BOX AND 
FASTEN TO 
S PAC EC RA FT 1 MOCKUP 

I244 
I255  
220 I 
2202 

11/32 in. T ip  Width Screwdriver, Vise Grips 
11/32 in. T ip  Width Screwdriver, "C" Clamp 
11/32 in. T ip  Width Screwdriver, "C" Clamp 
6/32 in. T ip  Width Screwdriver, Spring 
Clamp w i t h  B o l t  

REMOVE SWITCH 
FROM MAINTEN- 
ANCE BOX 

I244 
I255  
2201 

3. I .  0. 6 
3.2.0.6 
3. 3, 0 -  6 

11/32 in. T ip  Width Screwdriver, 
11/32 in.  T i p  Width Screwdriver 
11/32 in. T ip  Width Screwdriver "C" Clamp 
Screwdriver (6/32 in. T ip  Width) 

~~~ - 

~ ~ E I N  MA1 NTENANC E ~ 220 1;:: I 

2202 
3. 1 s  0.6 
3. 2, 0 . 6  
3, 3, 0.6 

15/32 i n  T ip  Width Screwdriver 
11/32 in. T ip  Width Screwdriver 
11/32 in.  T ip  Width Screwdriver 
6/32 in. T ip  Width Screwdriver 
Screwdriver (6/32 in. T i p  Width) 

STRIP 
I NS U LATI ON 
FROM 
WIRES 

I244 
I 255  
2201 
2202 

3. I .  0.6 
3. 2. 0 .  6 
3. 3. 0 . 6  

W i r e  S tr ippers 
Wire St r ippers  
Wire Str ippers 
W i r e  Str ippers 
Wire Str ippers 

LOOP Two 
WIRES AND 
PLACE UNDER 
SCREWS 

I244 Long Nose P l i e r s  
I 255  Long Nose P l i e r s  
220 I Long Nose P1 i e rs  

Long Nose P1 i e rs  
Long Nose P l i e r s  

c 3. 3. 0. 6 I 
I 

T I G HTEN 
TWO WIRES 
UNDER SCREWS 

15/32 in. T ip  Width Screwdriver 
11/32 in. T i p  Width Screwdriver 
11/32 in. T i p  Width Screwdriver 
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TABLE 3- I 2 ( Con t i nued) 

TASK 
DESCRIPTION 

SIMULATION, 
TASK, LOCOMO- 
TION AID,  RES. 
TRAINT CODE 

TIGHTEN TWO 
WIRES UNDER 
SCREWS 
(Con t i nued) 

I 

DISENGAGE 
P I P E  

MOVE TWO 
WIRES FROM 
UNDER SCREWS 
TO NUTS AND 
TIGHTEN 

2202 
3, I *  0 .  6 
3. 2. 0 .  6 
3.  3. 0 .  6 

131 I 
I322 
I344 
I355 
I336 
230 I 
2302 
3. I .  0.  6 
3 2 0 6  
3: 3: Of 6 

L 

1.31 I 

I322 

I344 

I355 

I336 

230 I 

2302 

3. 1 .  0 . 6  

3. 2 - 0 .  6 

3. 3 .  0 . 6  

TOOL AND/OR FASTENER MANIPULATED 

6/32 in. T i p  Width Screwdriver 
Screwdriver (6/32 i n  T i p  Width) 

(2) IO in. Pipe Wrenches 
(2) f O  in. Pipe Wrenches 
(2) IO in. Pipe Wrenches 
(2) I O  in. Pipe Wrenches 
(2) IO in. Pipe Wrenches 
(2) I O  in. Pipe Wrenches 
( 2 )  10 in. Pipe Wrenches 
(2) IO in. Pipe Wrenches 

6/32 in. T ip  Width Screwdriver, 11/32 in. 
Closed End Wrench 
6/32 in. T i p  Width Screwdriver, 1 
Closed End Wrench 
6/32 in. T ip  Width Screwdriver, I 
Closed End Wrench. 
15/32 in. T i p  Width Screwdriver, 
Closed End Wrench 
6/32 in. T ip  Width Screwdriver, I 
Closed End Wrench 

/32 in. 

/32 in. 

1/32 in. 

/ 32 in. 

15/32 in. T ip  Width Screwdriver, 11/32 in. 
Closed End Wrench 
15/32 in. T i p  Width Screwdriver, 11/32 in. 
Closed End Wrench 
6/32 in. T ip  Width Screwdriver, 11/32 in. 
Closed End Wrench 
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TABLE 3- I 2 ( Con t i nued) 

DESCRIPTION r=- 
1 FILE 

SIMULATION, 
TASK, LOCOMO- 
TION AID, RES- 
TRAINT CODE 

131 I 
I322 
I344 
I355 
I336 
230 I 
2302 

31 I C  0 , 6  
3~ 2 J  O a 6  
3: 34- 0 5 6  

131 I 
I322 
I344 
I355 
I336 
230 I 
2302 

38 i d  O e 6  
3, 2 c O r  6 
35 3 E 0 , 6  

2302 
3. O r b  
3. I: O r 6  

131 I 
I322 
I344 
I355 
I336 
230 I 

TIGHTEN 
BEAM LOCK 
SCREW 

ANTENNA 
TESTS 

TIGHTEN 
CAPTIVE 
BOLT 

LARGE 
R I G I D  

MODULES 

TOOL AND/OR FASTENER MANIPULATED 

Hal f round 
tt 

I1 

I1 

11 

11 

11 

11 

Meta 1 
i1 

11 

11 

11 

11 

11 

11 

F i l e  
i1 

11 

11 

11 

11 

11 

11 

Hacksaw 
11 

11 

11 

11 

I1 

Key Hole Saw 
Hack Saw 

C 1  ipper Cut Bo1 t 61 ippers 
11 11 11 11 

11 11 11 11 

11 It 11 11 

11 81 11 (1  

I t  11 11 It 

11  11 11 11 

11 11 11 11 

3/16 in. Thumb Screw 

Ratchet w i t h  7/16 in. Socket, 7/16 in. Open 
End Wrench, 1/4 in. Hex Head B o l t s  (Captive 
in ha rdwa re) 
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SECTION 4 

GENERAL TEST PROCEDURES 

INITIAL NEUTRAL BUOYANCY TESTS 

While the t e s t  f a c i l i t y  was under construction, a ser ies o f  f i v e  
neut ra l  buoyancy tes ts  were conducted i n  a loca l  swimming pool t o  gain 
information on the necessary weight conf igura t ion t o  be used i n  es tab l ish-  
ing not o n l y  neut ra l  buoyancy, but  a l so  freedom t o  move in a l l  planes 
about the sub jec t 's  center  o f  g rav i t y .  Due t o  the lack  o f  a proper ly  
f i t t i n g  G-2C su i t ,  the Mark I V  pressure s u i t  was used because o f  i t s  
r e l a t i v e  anthropometric s i m i l a r i t y  to  the G-2C. 
o f  three men: a subject, a diver, and an observer who a lso tended 
the  sa fe ty  1 ine. Upon h i s  a r r i v a l  a t  the pool area, the subject  was ass is t-  
ed by the observer i n  donning the Mark I V  su i t ,  
d i v i ng  gear and the weight harness t o  be used i n  the neut ra l  buoyancy 
attempt. A f t e r  completion o f  s u i t  donning, the d ive r  and observer 
attached the  weight harness and weights to the subject.  The sa fe ty  l i n e  
was then attached and the s u i t  was pressurized by a set o f  high-pressure a i r  
tanks ca r r i ed  by the subject  on h is  back. The s u i t  p ressur iza t ion was 
con t ro l l ed  by the subject.  A f t e r  completion o f  s u i t  pressurizat ion, the 
d ive r  ass is ted the su i t ed  man i n  obta in ing d i f f e r e n t  pos i t ions i n  the 
shallow end o f  the pool. 
the  changes were made a t  t ha t  time.) 
i n t o  the deeper end o f  the pool, a t  which time various r o l l ,  p i tch ,  and 
yaw motions were attempted. The observer noted any per t inen t  phenomena, 
which were l a t e r  supplemented w i t h  information from an interv iew w i t h  the 
subject. When 
the a i r  supply became low, the subject was brought t o  the shallow end of the 
pool; the weights were removed by the d ive r  and observer, and the observer 
ass is ted the  subject I n  dof f ing the su i t .  

The t e s t  crew consisted 

The d ive r  readied h i s  

(If weight conf igurat ion changes were apparent, 
The d iver  then l ed  the subject  

Test length was regulated by the length of the a i r  supply. 

FULL GRAVITY MAINTENANCE TESTS--NO PRESSURE SUIT 

Before the s t a r t  o f  each test, too ls  and o ther  hardware spec i f i ed  
i n  the t e s t  design were co l lec ted  and organlzed. This en ta i l ed  se lec t ing  
t oo l s  t o  be used i n  the t e s t  sequence and p lac ing  them i n  the appropr iate 
too l  k i t ,  making any necessary r e s t r a i n t  modi f icat ions on the shel l ,  
and making a l l  required hardware changes on the spacecraft mockup. 
The subject  was then given a f i n a l  review of  the task sequences, donned 
the hard shel l ,  and was pos i t ioned by the hatch wl th  too l  k i t  i n  hand. 

A t  the s igna l  o f  the human engineer, the t e s t  was begun and the 
Times o f  the tasks were subject  se t  ou t  t o  complete h i s  f i r s t  task, 

kept by the  human engineer, as we l l  as recorded observations o f  p o s i t i v e  
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and negat ive aspects o f  equipment and performance. 
tests, two human engineer observers were used t o  take times on the 
maintenance tasks. Other than t h i s  exception, the crew consisted o f  
three men: a subject, a human engineer, and a technician. 

During some o f  these 

FULL GRAVITY MA I NT E NAN C E TESTS- - PRES SUR E- SU I T  ED SUB J ECT 

P re tes t  operat ions f o r  the  f u l l  g r a v i t y  maintenance t es t s  using 
a pressure-suited sub jec t  were the  same as those described above w i t h  
the add i t i on  o f  the subject 's  donning the G- 2C s u i t  and the c a l i b r a t i o n  
o f  the  mass spectrometer used for measuring gas p a r t i a l  pressures i n  the  
s u i t .  
s u i t  ser ies  w i t h  the exception o f  i n t e rm i t t en t  gas samplings. 

Test procedures were the same as those fo l lowed in  the  unpressurized 

The su i t ed  f u l l  g r a v i t y  t es t s  required a seven man crew: two 
human engineer observers, a t e s t  subject, a t e s t  conductor, an instrumen- 
t a t i o n  technician, a setup techn ic ian o r  general assistant ,  and a 
photographer. 
o f  each task and recorded observat ions on performance leve l  and hardware 
usage. 
sub jec t i ve  comments were noted. The t e s t  sub jec t 's  assignments included 
d o f f i n g  and donning the suit,and learn ing and performing the  task 
sequences i n  the proper order. I n  general, the ass is tan t  was required 
t o  help the sub jec t  d o f f  and don 
changes on the she l l ,  make the necessary changes on the maintenance mockup, 
assemble the required too ls  and place them i n  the t oo l  k i t ,  and perform 
o r  a s s i s t  the subject  i n  any task element the subject  could no t  perform. 

The two human engineer observers took times on the durat ions 

The subject  was interviewed a f t e r  t he  completion o f  each t e s t  and 

the su i t ,  make t he  necessary r e s t r a i n t  

The t e s t  conductor monitored the s u i t  pressure and flowmeter ins t ru-  
mentat ion and was required t o  mainta in prescr ibed s u i t  pressure and flow. 
He kept i n  constant communication w i t h  the instrumentat ion techn ic ian 
f o r  informat ion on oxygen and carbon d iox ide p a r t i a l  pressures i n  the s u i t .  
He a l so  kept i n  constant communication w i t h  the subject, i nqu i r i ng  about 
h i s  physical  s t a t e  and degree o f  fa t igue.  The instrumentat ion techn ic ian 
was responsible fo r  pe r i od i c  ca l  i b ra t ions  and for constant moni tor ing o f  
the mass spectrometer. 
and re layed h i s  informat ion t o  the t e s t  conductor. 
16 m movies o f  the task sequences, g e t t i n g  closeup 
c rea t ing  d i f f i c u l t y  o r  r equ i r i ng  great  d e x t e r i t y  o r  force. 

He a lso  monitored the s u i t  o u t l e t  temperatures 
The photographer took 
views of any tasks 

WATER SUBMERSION TESTS--SIMULATED WEIGHTLESSNESS BY NEUTRAL BUOYANCY 

Test Personnel and Assignments 

The t e s t  crew f o r  the underwater tes ts  consisted o f  seven men: 
two divers, a human engineer observer, a t e s t  conductor, a t e s t  subject, 

cian, and a safety l i n e  attendant. The two d ivers  an instrumentat on techn 
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were responsible f o r  watching and a s s i s t i n g  the subject  dur ing h i s  e n t i r e  
t ime underwater. They made a l l  underwater equipment changes. They 
ass is ted the sub jec t  in  ascending and descending and made any necessary 
weight con f igu ra t ion  changes. They made a l l  attachments and detachments 
o f  equipment to the  sub jec t  w h i l e  he was on the  plat form. 
responsible for mainta in ing a l l  the d i v i n g  gear and the t e s t  hardware 
i n  the tank. The t e s t  subject  was responsib le fo r  ca r r y i ng  o u t  the  
task sequences to the best  o f  h i s  a b i l i t y .  He was ins t ruc ted  no t  t o  
take advantage o f  the drag forces o f  the water. 
responsible f o r  mainta in ing the  G-2C pressure s u i t .  (This included a l l  
necessary l u b r i c a t i o n  and s t e r i l  i z a t i o n  fo l lowing each t e s t  day.) 
photographer was responsible f o r  f i l m i n g  the  tes ts  and developing and 
supplying copies o f  a l l  f i l m  taken. The instrumentat ion techn ic ian was 
responsible f o r  c a l i b r a t i n g  the  mass spectrometer before  each t e s t  and 
checking t h i s  ca l  i b r a t i o n  p e r i o d i c a l l y  dur ing each tes t .  H i s  dut ies  
a lso en ta i l ed  keeping the  intercommunications system operable and 
mainta in ing a1 1 instrumentat ion used f o r  tes t ing.  The sa fe ty  1 ine 
attendant ass is ted the subject  i n  and ou t  o f  the tank, checked a l l  
connections t o  the su i t ,  and tended the  sa fe ty  l i n e  a t  a l l  times wh i l e  
the t e s t  subject  was submerged. 
system and kept i n  constant communication w i t h  the subject  and o ther  
t e s t  personnel. 
a t i n g  a l l  t e s t  personnel. The human engineer observed a l l  task  sequences 
and recorded times on maintenance task durat ions. He was responsible 
for i n i t i a t i n g  a l l  tests, observing a l l  task  sequences, and no t ing  
performance leve ls .  
the sub jec t ' s  comments and for p rov id ing  task sequence mate r ia l  f o r  the  
subject  t o  lea rn  and accompl ish. 

They were 

The subject  was a lso 

The 

The t e s t  conductor operated the  s u i t  ECS 

He was responsible f o r  superv is ing each t e s t  and coordin- 

The human engineer was a lso responsib le f o r  recording 

Typical  Sequence o f  Events 

Before each test,  the mass spectrometer was ca l  ib ra ted and a l l  
o the r  instrumentat ion checked f o r  operab i l  i t y .  
sary hardware changes and co l l ec ted  the t oo l s  needed f o r  performing the 
task sequences. For a l l  the maintenance tests, the human engineer l i s t e d  
the  task sequences on a specia l  underwater w r i t i n g  s la te .  The s l a t e  
was attached t o  the spacecraft  mockup i n  a p o s i t i o n  t h a t  allowed the sub- 
j e c t  t o  r e f e r  t o  i t  a t  any t i m e  dur ing the tes t .  This was done t o  
minimize the number o f  task de le t ions due t o  overs ight .  
was required t o  lea rn  and remember the procedures f o r  the assembly o f  the 
antenna. However, dur ing the e rec t ion  o f  the la rge  r i g i d  and i n f l a t a b l e  
modules, the subject  was t o l d  what tasks t o  perform and when t o  perform 
them. The subject was ass is ted  i n  donning the s u i t  and was accompanied 
from the s u i t  dressing room t o  the water tank f a c i l i t y .  Upon a r r i v i n g  a t  
the lowering platform, the subject  was ass is ted over the edge o f  the tank 
and onto the  p l a t f o rm  by the sa fe ty  l i n e  at tendant  and the  divers.  
she l l  was then attached and the straps tightened, the s u i t  i n l e t  and 
o u t l e t  hoses connected, the  communications p l ug  connected, and a l l  

The d ivers  made the neces- 

The sub jec t  

The 
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connections checked f o r  i n t e g r i t y .  The sa fe t y  l i n e  at tendant  relayed 
a l l  events occur r ing on the lowering p l a t f o rm  to the t e s t  conductor. 
the s u i t  communications p l ug  was connected, events were relayed t o  the  
t e s t  conductor by the subject. The helmet v i s o r  was closed and the s u i t  
pressurized. 
o f  the tank, and the sub jec t  then descended to the  b o t t o m  o f  the tank a t  
a r a t e  slow enough t o  a l low the t e s t  conductor t ime t o  main ta in  the 
proper s u i t  pressure and f low condit ions. 

A f t e r  

The d ivers  l e d  the subject  t o  the  ladder a t  the west s i de  

A f t e r  reaching the  bottom o f  the  tank, the  subject  d i r ec ted  the 
d ivers  t o  make s l  i g h t  changes in  the weight con f igu ra t ion  un t i l  the 
best  poss ib le  neut ra l  buoyant cond i t i on  was obtained. The d ivers  then 
l e d  the  subject  to the prescr ibed s t a r t i n g  pos i t ion ,  and a t  a s igna l  
from the  human engineer the t e s t  was star ted.  

Quring each test,  two scuba d ivers  remained underwater w i t h  the  
sub jec t  i n  case o f  any emergency. They a lso  kept the a i r  supply l i n e s  
f r ee  from b ind ing and ass is ted the sub jec t  when he could no t  perform a 
task. 
pressure and f low valves, necessi tated by the  sub jec t 's  v e r t i c a l  t rans la t ions  
wh i l e  doing work. 
h i s  observations o f  work pos i t  ions and hardware e f fec t iveness . An 
observer stood on the tank catwalk and tended the  sa fe ty  l i n e .  A 
photographer took f i lms  o f  the tasks performed by the subject.  Per iod ic  
oxygen and carbon d iox ide gas samples were taken on the mass spectrometer. 

The t e s t  conductor constant ly  made minor adjustments w i t h  the s u i t  

The human engineer timed a l l  task  sequences and noted 

A t  the conclusion of each test ,  the d ivers  l e d  the sub jec t  t o  the 
ladder and a l l  th ree ascended a t  a r a t e  t h a t  allowed the t e s t  conductor 
enough t ime t o  mainta in su i t ab le  pressure and f low condit ions. 
a r r i v i n g  a t  the surface, the subject  was brought t o  the lowering p l a t f o rm  
and ass i ted  i n  ob ta in ing  a standing pos i t i on .  The s u i t  was depressurized, 
the v i s o r  opened, the hoses and intercom disconnected, and the s h e l l  
removed. 
the s u i t  dressing room. He was ass is ted i n  d o f f i n g  the su i t ,  and a f t e r  
showering, gave sub jec t i ve  comments i n  an in terv iew w i th  the human 
engineer. Those comments t ha t  had no t  been noted dur ing the t e s t  were 
w r i t t e n  down. 

Upon 

The sub jec t  was ass is ted o u t  o f  the tank and accompanied t o  

S I X -  QEGR E ES- 0 F- FREE DOH S IMU LATO R TESTS- - S IMULAT E Q WE I GHTL ES SNE S S 

Test ing was conducted f o r  several days on the six-degrees-of-freedom 
simulator.  
required t oo l s  assembled, and the mass spectrometer ca l  ibrated. Electro-  
cardiogram sensors were attached t o  the subject  and he was then ass is ted 
i n  donning the su i t .  A f t e r  s u i t  donning, the subject  was led to  the t e s t  

Before each test,  the necessary hardware was set  up, the 
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s i t e  where the communication p lug  and s u i t  ECS hoses were connected. 
subject  was strapped i n t o  the s imulator  and pressurized. A f t e r  the 
proper s u i t  f low r a t e  and pressure were obtained, the t e s t  was s tar ted.  
During the test, the subject  performed the task sequences wh i l e  the human 
engineering observers recorded times on task durat ion r n d  took notes 
o f  what they observed. Films o f  the task sequences were taken. 
conclusion o f  the tes t ,  the subject  was depressurized and unstrapped 
from the s imulator.  
hoses were disconnected, and the  subject  was accompanied t o  the s u i t  dress- 
ing room. He was ass is ted  i n  d o f f i n g  the su i t .  Later, sub jec t i ve  comments 
were noted i n  an in terv iew w i t h  one of the human engineers. The t e s t  crew 
comprised e s s e n t i a l l y  the same members as those I n  the suited, f u l l  g r a v i t y  
tests.  
t i o n  technician, who had the add i t i ona l  r e s p o n s i b i l f t y  o f  moni tor ing the 
subject 's  electrocardiogram. 
cardiogram sensor technic ian were required t o  a t t ach  the sensors t o  the 
subject  . 

The 

A t  the 

The communications p lug  and s u i t  i n l e t  and o u t l e t  

Job assignments were the  same w i th  the exception of the lnstrumenta- 

The services o f  an experienced, e lec t ro-  

- .  

145 



SECTION 5 

HUMAN ENGINEERING OBSERVATIONS 

INTRODUCTION 

The o r i e n t a t i o n  f o r  the  human engineering observat ions dur ing t h i s  
study was based on the knowledge t ha t  a considerable amount o f  the i n fo r-  
mation ava i l ab le  from the t es t s  would not  be obtained through the measuring 
and recording techniques t o  be used. I n  addit ion, a need ex is ted  f o r  
p rov id ing  ana l y t i ca l  information about the numerous simultaneous in teract ions 
o f  the t e s t  var iables.  Two major sources o f  informat ion were used t o  
provide these requ i rements. 

The f i r s t  source o f  data was d j r e c t  observat ion o f  tes ts  events; 
f i lms  were taken t o  f u rn i sh  an unchanging data source t h a t  could be re-  
used f o r  s p e c i f i c  ana l y t i ca l  purposes. I t  was assumed t h a t  as analysis 
progressed dur ing the study, c e r t a i n  new ins ights  would be made t ha t  would 
requ i re  reexaminat ion o f  the t e s t  f i lm. 
should be made o f  a l l  the t e s t  sub jec t 's  behavior dur ing the test ,  and 
t ha t  these observations, coupled w i t h  the t e s t  sub jec t 's  comments and i n te r -  
views, would provide ins ights  i n t o  some o f  the problem areas an t i c ipa ted  i n  
a study o f  t h i s  scope. 

I t  was bel  ieved t ha t  observations 

The second major source o f  informat ion was the time required t o  
perform the numerous tasks elements o f  the work s i t ua t i ons .  
was establ ished t o  have the human engineering observer f o l l ow  the subject  
throughout the t e s t  w i t h  a check l i s t  o f  the task sequences, tak ing times 
f o r  the elements o f  the sequence and recording them next t o  a p r i n t e d  
descr ip t ion  o f  the work. A t  t h i s  time, the observer could note and record 
h i s  observat ion r e l a t i v e  t o  the madmachine in te r face  problems. The 
observer 's secondary ob jec t i ve  was t o  evaluate the e f f e c t  o f  the independent 
var iables i n  each t e s t  mode (see Table 3-1). 

A procedure 

The sub jec t ive  aspect o f  t h i s  method i s  r e a d i l y  acknowledged. I t  i s  
tempered, however, by the cons ide ra t  ion t ha t  on1 y the  obvious concl us ions 
were drawn from the observations. I n  the t e s t  s i tua t ion ,  the i n te rac t i on  
a t  theruan-machine in te r face  i s  extremely complex. The observer can a t tend 
t o  on ly  one element a t  a time, and h i s  judgment must be r e l i e d  on t o  se lec t  
the most essent ia l  and c r i t i c a l  aspect f o r  h i s  a t ten t ion .  The discussion 
t ha t  fol lows i s  l a r g e l y  representat ive o f  t h i s  method. The resu l t s  o f  the 
human engineering observations a re  organized i n  terms o f  observations 
about spec i f i c  >aspects o f  the independent var iab les  o f :  ( I )  res t ra in ts ,  
(2) tools, (3)  locomotion aids, (4) la rge module e rec t ion  and assembly, 
(5) general observations on EVA work, (6) recommendations, and (7)  conclusions. 

- d. 
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RESTRA I NTS 

As the t es t s  progressed dur ing the underwater simulat ion, the 
subjects became more adept i n  performing the maintenance tasks. 
o f  t h i s  s k i l l  improvement must be a t t r i b u t e d  t o  learn ing as a r e s u l t  o f  
repeating some por t ions  o f  the tasks. 
the subject  f o r  work performance was one func t ion  observed t ha t  was constant ly  
associated w i t h  successful task performance. The more s tab le  the worker, 
the more successful the  task completion. 
was not  necessar i ly  d i r e c t l y  re la ted  t o  the r e s t r a i n t  used. 
al though r e s t r i c t i v e  and p rov id ing  good support t o  the subject, d i d  not  
provide the subject  the  freedom necessary t o  ge t  a good work pos i t i on .  

A p o r t i o n  

However, the body p o s i t i o n  taken by 

The s t a b i l i t y  o f  the subject  
Some res t ra in ts ,  

The most  preva lent  s t ab le  work p o s i t i o n  observed dur ing the t es t s  
i s  re fe r red  t o  as the lineman's posi t ion,  due t o  i t s  s i m i l a r i t y  t o  the 
p o s i t i o n  taken by men working on poles w i t h  overhead wires. This p o s i t i o n  
b a s i c a l l y  consists o f  the legs p u l l i n g  the  body up and/or ou t  against  a 
r e s t r a i n t  mechanism attached a t  the worker 's waist .  I t  was t h i s  posi t ion,  
o r  va r ia t ions  o f  it, t h a t  provided the subjects w i t h  the best and most 
s tab le  work pos i t i ons  dur ing the underwater s imula t ion (F igure 5-1). 

The 1 ineman's p o s i t  ion could be read i l y  assumed most o f  the t ime 
I t  was when the subject  was using e i t h e r  the cage o r  f o o t  r es t ra i n t s .  

more d i f f i c u l t  t o  ob ta in  the lineman's p o s i t i o n  wh i l e  using the r i g i d  l eg  
res t ra i n t s .  The subject, however, con t i nua l l y  sought t h i s  pos i t ion ,  o r  some 
v a r i a t i o n  of it, i n  order t o  do the work (Figure 5-2). Other posi t ions,  
al though o f ten q u i t e  funct ional  and effect ive, general ly  were not used by 
the subject  u n t i l  a f t e r  he had t r i e d  and f a i l e d  t o  ob ta in  a lineman's 
pos i t  ion. 

The proper pos i t i on ing  o f  the subject  t o  the  work was essent ia l  i n  
a l l  but  the most  simple and short- time-span tasks. The necessi ty  o f  proper 
pos i t i on i ng  was required due t o  the negat ive aspects associated w i t h  che 
res istance o f  a pressur ized su i t ,  the 1 i m i t a t i o n  and hindrance t o  the f i e l d  
o f  vision, the l i m i t e d  arm reach capab i l i t y ,  and the lack  o f  adequate 
t a c t i l e  feedback through the gloves. 
attained, i t  was h i g h l y  probable t h a t  the sub jec t  could no t  perform a 
compl icated task. 

I f  the proper pos i t i on i ng  was not  

R ig id  Leg Rest ra in ts  

Fa i l u re  t o  ob ta i n  the proper opt imal p o s i t i o n  o r  t o  mainta in the 
p o s i t i o n  was the outstanding negative observat ion o f  the r i g i d  l eg  res t ra i n t s .  
Several aspects a re  re la ted  t o  t h i s  pos i t i on ing  d i f f i c u l t y .  
i s  t h a t  the r i g i d  l e g  r e s t r a i n t s  tend t o  ho ld  the worker away from h i s  work 
(Figure 5-2). Another d i f f i c u l t y  i s  the p i v o t i n g  o f  the connecting points, 
cons is t ing  o f  an eye b o l t  on the mockup and a snap-hook connector on the 
r e s t r a i n t  arm. The r i g i d  l e g  r e s t r a i n t  was attached t o  the subject  w i t h  a 
lockable universal  j o i n t .  

One o f  these 

The lock ing mechanism was not  st rong enough t o  
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LINEMAN'S POSITION 

L INEMAN'S POS IT ION 

Figure 5-1 
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VARIATION OF LINEMAN'S POSITION 

F-7291 
RIGID LEG RESTRAINT 

Figure 5-2 
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prevent movement o f  the j o i n t  from the  forces appl ied t o  i t  by the subject 's  
movements dur ing work. 
could not  maintain h i s  p o s i t i o n  once he began t o  move o r  exer t  force. 
eye b o l t  connection would a l low f ree  p i v o t i n g  and, although s t i l l  connected, 
the worker would ''swing" out  o f  pos i t ion .  
attempted t o  get a second, and i f  possible, a t h i r d  p o i n t  o f  contact. This 
was usua l ly  accomplished by holding on w i t h  one hand and working w i t h  the 
other  hand o n l y  (F igure 5 - 3 ) .  
on o r  i n to  the mockup. When the l a t t e r  was successful, the  p o s i t i o n  would 
become q u i t e  s tab le  (F igure 5-3). 
accomplished, due t o  the smooth surface of  the mockup prov id ing  no openings 
o r  places i n  which the subject could b ind  o r  hook a foot. Thus, the subject 
would b u t t  h i s  toe o r  toes against the surface o f  the mockup and work u n t i l  
the forces from h i s  movements became great enough t o  overcome the  Dressure 
being exerted by h i s  feet, and he would lose h i s  p o s l t f o n  (Figure 5- 4 ) .  

Que to t h i s  s l ippage o f  the universal, the worker 
The 

To counter th is ,  the subject  

The subject would a l s o  t r y  t o  hook a l e g  

Most of the t ime t h i s  could not be 

Af te r  the subject had removed the access panel and was able t o a t t a c h  
one r e s t r a i n t  w i t h i n  the access opening, h i s  performance leve l  would improve 
as a r e s u l t  o f  the greater s t a b i l i t y  o f  h i s  pos i t ion .  By using e i t h e r  h i s  
back muscles o r  h i s  arm, the subject could wedge h i s  head under the top 
edge o f  the access opening and become stable.  
be performed reasonably w e l l  (F igure 5- 5) .  
r e s t r a i n t  was more apt t o  hinder the worker by bending o r  holding him ou t  
and/or away from the p o s i t i o n  t h a t  he wanted t o  assume. 

I n  t h i s  pos i t ion,  work could 
I n  t h i s  posi t ion, the l e g  

The use o f  the r i g i d  l e g  r e s t r a i n t s  required a considerable amount 
o f  manipulation by connecting and reconnecting when changing posi t ions.  
was i n  t h i s  respect t ha t  the greatest  d i f fe rence was noted between the one-, 
two-,and three- leg conf igurat ion, the l a t t e r  being very t ime consuming. 
The two- and three- leg r e s t r a i n t  conf igurat ions both provided a more s tab le  
p o s i t i o n  from which t o  work than d i d  the s ing le- leg  conf igura t ion  (F igure 
5- 6 ) .  
allowed greater freedom for the worker t o  tu rn  from one s ide  to the o ther  
(Flgure 5- 6 ) .  By u t i l i z i n g  the s ide work posltfon, the subject could get 
c loser  t o  h i s  work and perform one-handed tasks w i thout  b ind ing h i s  arm 
against the i n t e r i o r  p a r t  o f  the pressure s u i t .  

I t  

The s ing le- leg res t ra in t ,  however, was advantageous i n  t h a t  i t  

From a work performance consideration, the r i g i d  l eg  r e s t r a i n t s  were 
the most unsat is fac tory  r e s t r a i n t s  tested. However, many contingencies 
must be considered before a f i n a l  judgment i s  made as t o  t h e i r  d e s i r a b i l i t y  
for  EVA tasks, The f i r s t  i s  the  absence of hardware t h a t  would a l low the 
subject t o  assume the lineman's p o s i t i o n  and gain s t a b i l i t y .  
use o f  both cage and foot- st rap rest ra ints ,  the maintenance boom was 
fastened t o  the mockup and provided an ob jec t  f o r  the  subject  t o  fasten 
to, stand on, o r  hook around w i t h  f ee t  and legs. This boom was not  
ava i lab le  t o  the subject dur ing the r i g i d  l eg  r e s t r a i n t  tests .  A lock ing 
r i g i d i t y  a t  the mockup connection would have improved the pos i t i on ing  
s t a b i l i t y  o f  the l e g  res t ra in t s .  Many o f  the f a u l t s  o f  the r i g i d  leg  
r e s t r a i n t s  may possib ly  be overcome by proper redesign. 
d i f f i c u l t y  which i s  inherent i n  the concept i s  the necessi ty f o r  
repeated reconnections of the r e s t r a i n t  i n  order t o  encompass a work 
area o f  even medium dimensions. 
subject 's l os ing  cont ro l  wh i l e  using r i g i d  l e g  res t ra in ts .  

During the 

One major 

Figure 5-7 shows t w o  instances of the 
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WORKING WITH ONE HAND 

F-7292 USE OF LEG FOR STABILITY 

Figure  5-3 
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BUTTING TOES AGAINST SPACECRAFT MOCKUP 

F-7293 
"FALLING" FROM TOE BUTTING POSITION 

F i  gure 5-4 
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WEDGING HEAD UNDER TOP EDGE OF ACCESS OPENING 

Figure 5-5 

F-7294 
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TWO LEG RESTRAINT 

F-7295 
MOVING TO ONE SIDE WITH ONE LEG RESTRAINT 

F i  g u r e  5-6 
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POSITION WITH ONE LEG RESTRAINT 

F-7296 
BREAKING ONE LEG RESTRAINT FROM ABOVE POSITIONAL FORCES 

Figure  5-7 
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The d i f f i c u l t y  encountered w i t h  the r i g i d  l e g  r e s t r a i n t  conf igurat ion 
dur ing the maintenance tes ts  was evidence enough to conclude t h a t  i t was 
inappropr iate i n  I t s  present design to  be functfonal for the  l a rge  
modular e rec t i on  tasks. 
l e g  r e s t r a i n t s  in the tes ts  for  the beam erection, f o l d i n g  panels, two 
r i g i d  modules, and the i n f l a t a b l e  module. I t  must be painted ou t  t h a t  the 
o r i g i n a l  r i g i d  l e g  r e s t r a i n t  concept t h a t  was considered a t  the t ime the 
tes ts  f o r  t h i s  study were being s t ruc tured  never mater ial ized. The 
r i g i d i t y  required was never obtained, so some o f  the negative aspects o f  
the r i g i d  l e g  r e s t r a i n t s  must be a t t r i b u t e d  on l y  to the  ones tested, 
and not  c a r r i e d  over to the  concept o f  r i g i d  leg  r e s t r a i n t s  i n  t o t a l i t y .  
Unfortunately, t h i s  program d i d  not  a l low f o r  the continued evo lu t ion  o f  
these r e s t r a i n t s  by design and development. 

Therefore, no attempt was made t o  t e s t  the r i g i d  

Cage Restra int  

The o r i g i n a l  i n ten t  o f  the cage r e s t r a i n t  was not  completely c a r r i e d  
o u t  i n  the cage r e s t r a i n t  tes ts  because o f  lack  o f  funds and t i m e  for  design 
evolut ion. 
being confined, bu t  f r e e  t o  t u r n  and t o  move up and down. 
assumed tha t  the subject, by sc issor ing  h i s  legs, could b ind  and hold 
himself  i n  the cage (F igure 5-8). 
w h i l e  in the f r e e  cond i t ion  w i t h i n  the cage, would never be f a r  (6 t o  8 i n . )  
from the c i r c l i n g  enclosure. Thus, he could tu rn  and move freely, bu t  
by small l e g  motions catch and conta in himself  w i th in  the cage. 
conducted w i t h  the cage designed and used 
concept, although it d i d  no t  f u l l y  meet t h i s  design object ive.  I t  was 
fa r  too la rge  t o  provide the  subject w i t h  t h i s  sc issor ing  a b i l i t y  (F igure 
5-8) .  
out t o  be not  a b ind ing force by spreading the  legs, bu t  ra ther  a "spread 
eagle" e f f e c t  t o  reach the sides o f  the  cage. I n  t h i s  pos i t ion,  the subject 
had o n l y  two small po in ts  o f  contact and could exe r t  very 1 i t t l e  force 
t o  hold h imsel f  i n  the r e s t r a i n t  (F igure 5-9). To compensate f o r  the 
largeness o f  the cage res t ra in t ,  a s t rap  r e s t r a i n t  from the  f r o n t  o f  the 
subject t o  the top rung o f  the cage was added. The o r i g i n a l  i n ten t  o f  
t h i s  s t rap  was t o  keep the  subject  from ascending o u t  o f  cont ro l  t o  the 
surface i f  he should become p o s i t i v e  i n  buoyancy dur ing the  tes t .  This 
combination turned ou t  t o  be unexpectedly e f f i c i e n t  i n  t h a t  the actual  
p o s i t i o n  most o f ten taken  was t o  push against the s t rap  w i t h  both fee t  
e i t h e r  on the f l o o r  o f  t he  cage o r  standing on one o f  the  cage rungs. 
When assuming t h i s  pos i t ion,  the subject  was q u i t e  stable. 
the lineman's pos i t ion :  
forces exerted through the feet (F igure 5 - 9 ) .  

The concept f o r  the cage r e s t r a i n t  was based on the subject 's  
I t  was 

I t  was a l s o  assumed tha t  the subject, 

The tes ts  
have no t  inva l ida ted  t h i s  

The attempts by the  subject to  use t h l s  sc tssor ing  technique turned 

This was 
pushing against a hold ing device a t  the  wa is t  by 

I n  addit ion, the subject  u t i l i z e d  the cage r e s t r a i n t  as a hold ing 
device f o r  h i s  f e e t  by hooking h i s  f e e t  over and under the top two rungs 
(F igure 5-10). 
the top r a i l  (F igure 5-10). 
amount of  up and down movement, as w e l l  as movement from l e f t  t o  r ight ,  
wi thout  manipulat ing a r e s t r a i n t  connection. The l e f t  and r i g h t  m o b i l i t y  

He was f requent ly  r i d i n g  the  top rung by s t radd l i ng  
This provided the subject w i t h  a considerable 
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SCISSORING LEGS FOR POSITION IN CAGE RESTRAINT 
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"SPREAD EAGLE" TWO POINT LEG CONTACT 
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SUBJECT PREPARING TO HOOK A LEG UNDER 
THE TOP RUNG OF THE CAGE RESTRAINT 

F-7299 
SUBJECT STRADDLING TOP R A I L  OF CAGE RESTRAINT 

F igu re  5-10 

a 
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requirement was solved by the subject 's t i p p l n g  considerably to  the l e f t  
o r  r ight ,  and sometimes a c t u a l l y  tak ing  a hor izonta l  p o s i t i o n  (F igure 5-11). 
During these maneuvers, the subject  would get  a foot o r  l e g  bound in, 
around, o r  under one o f  the top two rungs o f  the cage t o  hold h i m  i n  the  
des i red pos i t  ion. 

Considerable t ime was spent by the subject  t r y i n g  various pos i t ions  
f o r  performing the tasks. 
shortening the f l e x i b l e  s t rap  connected to h i s  waist, bu t  most ly seeking 
means o f  hooking o r  b ind ing h i s  legs f o r  the best "hold." 
good hold w i t h  the legs, the  subject  was able t o  use two hands t o  perform 
the tasks, an accomplishment not f requent ly  evident i n  the use o f  the one 
and two-leg r e s t r a i n t s  (F igure 5- 12). 

These movements seldom requi red extending or 

By g e t t i n g  a 

There were several j o i n t s  and connections holding the cage on the 
Each o f  these provided some slack, so tha t  when the  maintenance boom. 

cagewas i n  p o s i t i o n  and locked i t  s t i l l  tendedto f l o p  around. This 
f lopping o r  bouncewas r e f l e c t e d  every t ime the subject moved, and o f  course 
there was feed-back from t h i s  l ack  o f  so l  i d  attachment. Thus, pos i t i on ing  
too l s  t o  b o l t s  was d i f f i c u l t ,  the too ls  s l i p p i n g  o f f  e a s i l y  as a r e s u l t  
of cage movement. Generally, however, the subject performed tasks q u i c k l y  
and e f f e c t i v e l y .  This i s  l a r g e l y  a t t r i b u t e d  t o  h i s  g e t t i n g  i n t o  the most 
e f f e c t i v e  p o s i t i o n  t o  do the work. Once, f o r  example, the subject had 
h i s  legs s t radd l i ng  the top rung of the case and h i s  head wedged up against 
the top edge of the access opening wh i le  working i n  the spacecraft mockup. 

The subject s h i f t e d  around a l o t  i n  the cage r e s t r a i n t  conf igura t ion  

the  subject g e t t i n g  where he wanted t o  go by f a l l  ing 
ge t t i ng  t o  pos i t ions  and tools.  
con t ro l l ed  tumbl ing: 
there by pushoffs o r  p u l l s  d i f f e r e n t  from those used i n  conventional t ravers-  
ing. Although t h i s  technique lacked grace o f  movement, i t  was func t i ona l l y  
e f fec t ive .  

These movements appeared t o  be a type o f  

Removal o f  the p ipe  segment i n  the hard task sequence was a d i f f i c u l t  
j o b  f o r  the subjects t o  perform. 
exerted by the subject. Using the top rungs o f  the cage res t ra in t ,  the 
subject turned t o  h i s  s ide  i n  a semiprone posi t ion, engaged h i s  fee t  
and legs i n  the upper p o r t i o n  o f  the cage, and removed the p ipe  segment. 
This type o f  f l e x i b i l i t y  using the cage r e s t r a i n t  was evident throughout 
the three maintenance t e s t  levels .  

A considerable amount o f  force had t o  be 

As the tes ts  progressed, the subject  continued t o  demonstrate new 
ways o f  performing the tasks (compared t o  previous r e s t r a i n t  modes). 
o f  the pos i t ions  assumed were l y i n g  on one s ide o r  the other.  The advantage 
of tu rn ing  90 deg t o  the access opening seemed t o  be tha t  i f  al lowed a s t ra igh t -  
down approach of the arm i n t o  the maintenance box area (Figure 5-13). 
Or ien ta t ion  o f  the cage p a r a l l e l  t o  the access opening would have been an 
i n te res t i ng  va r ia t i on .  A t  times, the subject was completely o u t  o f  the cage 
i n  t h i s  hor izonta l  pos i t ion,  w i t h  on l y  h i s  lower arm hooked under and around 
the top rung o f  the cage. The subject returned t o  the lineman's p o s i t i o n  
frequently, g e t t i n g  a three po in ts  o f  contact by p lac ing  h i s  f e e t  on the 
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SUBJECT IN HORIZONTAL POSITION TO REMOVE PIPE SEGMENT 

Figure 5-1 I 
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SUBJECT USING LEGS TO MAINTAIN POSITION SO THAT 
BOTH HANDS CAN BE USED TO PERFORM WORK 

F-7301 
SUBJECT USING LEGS TO MAINTAIN POSITION SO THAT 

BOTH HANDS CAN BE USED TO PERFORM WORK 

Figure 5-12 
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STRAIGHT DOWN EXTENSION OF ARM IN MAINTENANCE BOX AREA 

F-7302 
SUBJECT PREPARING TO OBTAIN "HANDS-AND-KNEES" 

POSITION IN ACCESS OPENING 

Figure  5-13 
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second rung o f  the cage and applying l eg  pressure upward against the s t rap 
wa is t  res t ra in t .  One innovation taken by the subject was t o  a l t e r  the 
three-point  1 ineman's p o s i t i o n  t o  a hands-and-knees p o s i t i o n  (F igure 5-13). 
The subject placed h i s  upper torso i n t o  the access opening supported by 
h i s  arm on the s h e l f  i n  the mockup. 
o f  the cage and, by pushing up w i t h  h i s  hand, the subject  placed tension 
on the wa is t  r e s t r a i n t  and got  a very f i r m  pos i t ion .  
t h i s  p o s i t i o n  was tha t  i t  allowed the subject t o  work wi thout  having t o  
f o r c i b l y  overcome the s u i t  resistance. 
f ree arm i n  the natura l  p o s i t i o n  taken by the pressurized su i t .  A d is-  
advantage of t h i s  p o s i t i o n  was t h a t  i t  tended t o  p o s i t i o n  the subject i n  
such a way tha t  on ly  one hand was free t o  perform the task. 

The knees were placed on the top rung 

The b i g  advantage o f  

More spec i f i ca l l y ,  t h i s  placed the 

I t  appears tha t  when the subject was we1 1 rest ra ined and pos i t ioned 
t o  t h i s  work such tha t  he could brace against the r e s t r a i n t  w i t h  one o r  
two contact po in ts  from the legs o r  arms, the task was accomplished w i t h  
r e l a t i v e  ease. 
p o s i t i o n  could not  be maintained. 

Task performance d i f f i c u l t y  was encountered when a s tab le  

Foot-Strap Restra int  System 

The lineman's posi t ion,  so o f t e n  taken dur ing the cage r e s t r a i n t  
modes, was used almost exc lus ive ly  dur ing the foot- st rap r e s t a i n t  modes. 
There a r e  two reasons f o r  t h i s  occurrence: the hardware conf igura t ion  was 
such tha t  t h i s  p o s i t i o n  was provided as a consequence o f  i t s  use, and the 
lineman's p o s i t i o n  was the most e f f e c t i v e  posture ava i l ab le  t o  the subject. 
The foot- strap r e s t r a i n t  system consisted o f  a p la t fo rm w i t h  two "hoops" 
f o r  the fee t  and a te ther ing  s t rap.  

The foo t- s t rap  r e s t r a i n t  system used throughout the tes ts  appeared 
rather  p r i m i t i v e  a f t e r  seeing f i l m s  o f  NASA's "dutch shoe concept," 
developed f o r  the Gemini f l i g h t s .  The more elementary system provided 
the subject a greater degree o f  to rso  f l e x i b i l i t y ,  however, a1 lowing 
him t o  tu rn  l e f t  and r i g h t  and thus adding t o  h i s  v isua l  and p o s i t i o n i n g  
c a p a b i l i t y  wi thout  i n te r task  r e s t r a i n t  changes. The more p r i m i t i v e  concept 
a l s o  allowed the subject t o  get f a r  l e f t  o r  f a r  r i g h t  o f  the s ta t ionary  
r e s t r a i n t  plat form; t h i s  was accomplished by p u t t i n g  the r i g h t  f oo t  i n  
the l e f t  f o o t  r e s t r a i n t  s t i r rup ,  o r  v i se  versa, and stepping out w i t h  the 
f ree  leg. This provided a spread eagle posture, the subject ho ld ing on 
t o  the spacecraft mockup w i t h  the same hand as the foo t  inser ted i n  the 
r e s t r a i n t  system. This technique was repeated by the subject again and 
again throughout the f o o t  r e s t r a i n t  t es ts  (Figure 5- 14). 

The one-handed tasks appeared t o  be done w i t h  greater ease and 
quickness i n  t h i s  r e s t r a i n t  mode. This i s  a t t r i b u t e d  p a r t i a l l y  t o  learning, 
but mainly t o  the.improved p o s i t i o n  obtained by the subject. 
the r i g i d  l e g  r e s t r a i n t s  held the subject away from h i s  work wh i le  the f o o t  
r e s t r a i n t s  al lowed the subject enough f l e x i b i l i t y  t o  ad jus t  the distance t o  
the  work spot and move c loser  t o  h i s  work (F igure 5- 15). 

For example, 
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"SPREADEAGLE" POSIT ION FROM STRAP-FOOT RESTRAINT 

F-7303 
SUBJECT WITH OPPOSITE FOOT I N  STIRRUP AND "STEPPING OUT" 

F i g u r e  5-14 
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SUBJECT MOVING CLOSER TO WORK FROM STRAP-FOOT RESTRAINT 

F-7304 
SUBJECT REPOSITIONING HIMSELF WHILE USING STRAP-FOOT RESTRAINT 

F i g u r e  5-15 
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The use of  the s t rap  tether, attached a t  the subject 's  waist, i n  
conjunct ion w i t h  the foo t  res t ra in t ,  was r e l i e d  on more than it had been 
wh i l e  using the cage r e s t r a i n t .  However, t h i s  does not  necessar i ly  imply 
tha t  i t  was more essent ia l  t o  the foot- st rap r e s t r a i n t  opert ions. The 
wa is t  connection was necessary i n  both cases and the task sequences could 
probably no t  have been completed w i thout  t h i s  add i t iona l  restraint aid. 

The freedom o f  body movement allowed by the foot- st rap r e s t r a i n t  
provided the subject w i t h  the prev ious ly  unavai lab le work p o s i t i o n  o f  squat- 
t ing.  
on the access panel. 
place, and too l  contact seemed t o  be be t te r  than i n  the same task from an 
upr igh t  o r  1 ineman's stance. 

This p o s i t i o n  was used by the subject t o  get  t o  the lower fasteners 
Crouching t o  h i s  work improved h i s  v i s i o n  a t  the work 

Based on observations o f  a l l  of the maintenance tests, the human 
engineer concluded tha t  the foo t- s t rap  r e s t r a i n t  system was one of the 
best conf igurat ions tested. This  conclusion does not  imply tha t  i t  is, 
however, the best o f  the concepts. Design f a u l t s  ex is ted  i n  each system. 
I n  each case, design changes would change the ef fect iveness o f  the r e s t r a i n t  
system. 

Gemini X I 1  Type of Strap Restra int  

One maintenance t e s t  was conducted w i t h  a Gemini X I 1  type o f  s t rap 
res t ra in t .  Thei r  advantaqe o f  t h i s  system over the r i g i d  l e g  r e s t r a i n t s  
was r e a d i l y  apparent. One o f  the  major complaints reported by the subject 
when using the r i g i d  l eg  res t ra in t s  was the necessi ty t o  con t i nua l l y  
disconnect from and reconnect t o  the eyebolts on the spacecraft  so t h a t  
movement from one work place t o  another could be accomplished. 
t h i s  was not  completely e l  iminated w i t h  the s t rap  res t ra in ts ,  the connecting 
and disconnecting was g r e a t l y  reduced. The Gemini X I 1  type o f  s t rap r e s t r a i n t s  
a lso  al lowed the subject  t o  "belly-up" t o  any work area; i f  he wished t o  
remain i n  the close posi t ion,  he simply had t o  shorten the s t rap  by p u l l  ing 
on a D-ring. 

Although 

An attempt was made t o  observe the use o f  the Gemini X I 1  type o f  s t rap 
r e s t r a i n t s  wi thout  the cage o r  the foot- st rap r e s t r a i n t  hardware dur ing the 
la rge  module assembly tests .  
on the la rge  modules, i t  was necessary t o  provide r e s t r a i n t  attachment 
capabil i t y  on the maintenance boom. 
tha t  could be moved along the boom and locked i n  p lace a t  any selected 
locat ion.  
eye b o l t s  spaced a t  12-in. i n te rva l s  along i t s  4 - f t  length. The 
hardware was a T-design. 
reposit ioned; t h i s  allowed the top member t o  be e i t h e r  p a r a l l e l  o r  a t  a 
r i g h t  angle t o  the  maintenance boom. The use o f  t h i s  conf igura t ion  was 
not near ly  as funct ional  as the cage o r  f o o t  r e s t r a i n t  devices. The 
subject used the maintenance boom t o  p o s i t i o n  h i s  f e e t  i n  much the same 
manner as he had done using the bottom o f  the cage and the p l a t e  o f  t he  

Since connecting po in ts  had no t  been placed 

The attachment consisted o f  an up r igh t  

An adjustable cross beam was placed on the up r igh t  w i t h  connecting 

The top cross member could be removed and 
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foot- s t rap r e s t r a i n t  (F igure  5-16). I n  t h i s  manner he could  p a r t i a l l y  
use the resu l t an t  more s t a b l e  pos i t i on .  On occasions, the lineman's 
p o s i t i o n  was assumed. Th is  was a d i f f i c u l t  p o s i t i o n  f o r  t he  sub jec t  t o  
mainta in  because o f  the small area a v a i l a b l e  f o r  h-is f e e t  (F igure  5-16). 
The top o f  the maintenance boom was too small  t o  p rov ide  an area adequate 
f o r  both feet  a t  the  same time. 
the  boom w i t h  h i s  f e e t  and ma in ta in ing  contact  w i t h  it. This resu l t ed  i n  
considerable stumbl ing, s l ipp ing ,  and fumbl ing w i t h  t he  f e e t  to o b t a i n  
and mainta in  p o s i t i o n  of the  contact ,  Compared w i t h  t he  cage and foo t- s t rap  
r e s t r a i n t ,  the  T-bar con f i gu ra t i on  was less  func t iona l  and less adequate, 
the main d i f f e r e n c e  being one o f  secur ing and ho ld ing  t he  f e e t  on the  
hardware t o  a s s i s t  i n  ma in ta in ing  a s t a b l e  work pos i t i on .  St rap r e s t r a i n t s  
a c t u a l l y  have no funct iona l  advantage i n  p rov id i ng  a b e t t e r  work p o s i t i o n  
than r i g i d  l e g  r e s t r a i n t s  unless t he  s t raps  a re  associated w i t h  hardware t he  
subject  can p u t  h i s  feet  on. When hardware for foot placement i s  ava i lab le ,  
the advantage o f  the  f l e x i b l e  s t raps connected a t  t he  wa i s t  i s  apparent. 
The freedom of movement o f  the  s t raps over t h e  r i g i d  l e g  r e s t r a i n t  i s  
cons iderable. 

The subject  a l so  had t r o u b l e  f i nd ing  

As a r e s u l t  o f  t h i s  study, the energy expended by t h e  sub jec t  i n  
manipu la t ing r e s t r a i n t s  and overcoming poor p o s i t i o n i n g  problems as a f unc t i on  
o f  a given r e s t r a i n t  i s  one o f  the  most important f ac to r s  t o  be considered. 

TOOL SELECTION 

Ea r l y  i n  the  EVA program, when cons idera t ion  was being g iven t o  
designing an experimental study t h a t  would represent t y p i c a l  maintenance 
tasks expected i n  f u t u r e  space exp lorat ion,  the problem was posed as to 
what t o o l s  would be used i n  con junct ion w i t h  the maintenance tasks selected. 
The t oo l  contingency in f luenced the  f i n a l  s e l e c t i o n  o f  maintenance tasks 
i n  t h a t  t o o l s  were se lected by cons ider ing the  bas i c  funct ions o f  hand 
t o o l s  and t he  manner i n  which the  operator  uses them to  perform work. These 
cons iderat ions a re  1 i s t e d  below. 

Tool Funct ion 

impact 

t u rn ing  

c u t t i n g  

p r y i n g  
ho ld ing  

Operator Funct ion 

s t r i k i n g  

to rqu ing  

pus h/pu 1 1 

pressure 

ho ld  

From these functions, a l i s t  o f  e i g h t  represen ta t i ve  t o o l  types were 
se lected (Table 2-1). 
the requirements of each t o o l  type. 

Several s p e c i f i c  t o o l s  were then chosen t h a t  met, 
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I t  was bel ieved tha t  t h i s  approach would provide the study, w i t h i n  
i t s  l im i ta t i ons ,  as broad a sampling o f  hand too ls  as possib le wi thout  
causing a deemphasis o f  o ther  important aspects. 

TOOLS 

Hamme r 

The hammer t e s t  consisted of s t r i k i n g  from above a punch placed near 
Two hammers were used: wais t  he ight  and d i r e c t l y  i n  f r o n t  o f  the worker. 

an 8 oz and a 12 oz. A t h i r d  hammer, 24 oz, was deleted a f t e r  p re l im inary  
t e s t  as too large and awkward t o  use. 

D i rec t i ng  the hammer t o  i t s  p o i n t  o f  impact, although successfu l ly  
performed, was a task o f  some d i f f i c u l t y .  
performance awkward. On occas ions, the subject  s t ruck  glancing 
blows o f f  the punch. 
several occasions., The task delet ions were a r e s u l t  of the sub jec t ' s  being 
unable t o  get pos i t ioned t o  s t r i k e  the punch from above. This i s  reveal ing 
in  tha t  it po in ts  ou t  the  necessi ty o f  one g e t t i n g  close t o  the work 
from a f ron ta l  posi t ion, and o f  being somewhat above the s t r i k i n g  po in t  
when i n  a pressure s u i t  t o  proper ly  execute a hammer blow. 

The s u i t  resistance made 

During one-g testing, the task was bypassed on 

I n  the underwater s imulat ion (Test 1.2.4.4.), the subject solved the 
pos i t i on ing  requirement for  the task by g e t t i n g  the s t r i k i n g  p o i n t  about 
wa is t  h i  h, c lose t o  h i s  torso, and by p lac ing  h i s  head i n t o  the access 
opening ?Figure 5-17). S im i la r  pos i t i on ing  was assumed f o r  the  same 
task i n  Test 1.2.5.5. 

From the tests, i t  was concluded t h a t  both hammers used were acceptable 
f o r  s t r i k i n g  tasks tha t  do no t  requ i re  a considerable amount o f  force. 
The d e x t e r i t y  exh ib i ted  i n  the taskwas la rge l y  a funct ion o f  assuming an 
appropr iate work p o s i t i o n  t o  place the  s t r i k i n g  zone approximately wa is t  
h igh  and w i t h i n  a 12-in. distance from the f r o n t  o f  the subject. 
overhead s t r i k i n g  was not attempted i n  the tests, i t  i s  assumed tha t  such 
a task could on l y  be performed w i t h  great d i f f i c u l t y ,  if a t  a l l .  
conclusion i s  based on ex t rapo la t ion  from performance o f  overhead tasks 
w i t h  other  too ls  and the d i f f i c u l t y  encountered by the subject i n  performing 
the overhead tasks i n  general. 

Although 

This 
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USING HAMMER IN ACCESS OPENING 

F igure  5-17 
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Clamps 

The need f o r  e f f e c t i v e  fas ten ing and clamping o f  ob jec ts  f o r  EVA 
i s  obvious, s ince  the  necess i ty  e x i s t s  t o  r e s t r a i n  a l l  removed and/or 
unfastened hardware. 
no t  reveal a clamp t h a t  appeared t o  have t he  un iversa l  a p p l i c a t i o n  requ i red  
by the v a r i e t y  o f  clamping tasks i n  the  maintenance tests .  The clamps 
used f o r  t e s t i n g  were se lec ted  w i t h  the assumption t h a t  they were represen- 
t a t i v e  o f  clamps simple enough t o  operate  and s t i l l  app l i cab le  t o  the  
tasks . 

A review o f  common clamps now i n  ex is tence d i d  

A major problem w i t h  a l l  clamps, a n t i c i p a t e d  p r i o r  to t e s t i n g  and 
substant ia ted throughout the  tests, was the  requirement f o r  t w o  hands 
t o  manipulate the fasten ing mechanism w h i l e  ho ld ing  t he  o b j e c t  t o  be 
fastened i n  t he  des i red pos i t i on .  
loaded clamps which have 1 i t t l e  ho ld ing  capabi l  i t y . )  
o f  a clamp l e f t  t h e  worker w i t h  no way o f  ho ld ing  t he  o b j e c t  to  be 
fastened. I f  he he ld  the  o b j e c t  to be fastened, he was forced t o  
manipulate the clamp w i t h  one hand (F igure  The l a t t e r  procedure 
was the  one used by t he  t e s t  sub jec t  almost w i t hou t  exception. When the 
sub jec t  was successful i n  completing a clamping task, i t  was u s u a l l y  
accomplished by t ak ing  advantage o f  g r a v i t y  t o  ma in ta in  the p o s i t i o n  o f  
the  o b j e c t  being clamped. 
use o f  g rav i t y ,  the task  was e i t h e r  de le ted o r  performed by a diver,  s ince  
t he  sub jec t  cou ld  no t  manage bo th  t he  n e u t r a l l y  buoyant hardware and the  
clamp a t  the  same time. 

(The except ion t o  t h i s  was the  sp r i ng  
Two-hand manipu la t ion 

5-18).  

When neu t ra l  buoyancy o f  the  o b j e c t  prevented t he  

The spring-loaded, p l i e r - t y p e  clamp was manipulated w i t h  one hand 
and was e f f e c t i v e  f o r  small  ob jec t s  o f  1 i gh t  weight. The lanyards 
w i t h  snap ends proved more e f f e c t i v e  than the  spring- loaded clamps 
because the  sub jec t  cou ld  operate  t he  snaps w i t h  less d i f f i c u l t y  and 
more speed. 

The f a i l u r e  o f  t h e  sub jec t  t o  perform the tasks o f  clamping the 
t o o l  k i t  and the  access panel t o  t he  mockup requi red t h e i r  being e l im ina ted  
from the  task  sequences. The d i f f i c u l t i e s  encountered i n  t he  clamping 
and hardware manipulat ions as a simultaneous task  were so extreme t h a t  i t  
would have abused the subject  t o  cont inue t e s t i n g  t h i s  task. 

I f  the  tasks se lected f o r  t e s t i n g  a re  represen ta t i ve  o f  maintenance 
tasks and represent i n  some considered degree the  maintenance tasks t h a t  
may be a n t i c i p a t e d  as scheduled tasks f o r  EVA, then p o s i t i v e  l ock ing  
clamps t h a t  may be manipulated and engaged w i t h  one hand a re  a mandatory 
hardware development e f f o r t .  
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P1 i e r s  

The p l i e r  type o f  tools were deflned t o  Include tools that  are act ivated 
by the operator w i th  a pinching motion, such as wire strippers, b o l t  cutters, 
v ise grips, and some pincher-type clamps. 

The p l i e r s  were used i n  the maintenance tasks t o  hold and pos i t ion  
e l ec t r i ca l  wires, t o  cut  e l ec t r i ca l  wires, and t o  bend the wires t o  
appropriate shape for  f i t t i n g  t o  e l ec t r i ca l  connecting points. 
the tasks were of short duration. 
was usual ly accomplished without d i f f i c u l t y .  
get t ing the too l  f i t t e d  t o  i t s  work spot and properly posit ioned i n  the 
hands. 
pretask ac t i v i t y .  
gloves, the v isual  observation, and the requirement f o r  a steady posit ion, 
we must now add the problem of too l  shape. Most o f  the p l i e r  too ls  required 
the handles t o  be swiveled apart fu r ther  than could be accomplished w i th  one 
hand and s t i l l  engage the tool. To overcome t h i s  one-hand manipulating 
d i f f i cu l t y ,  the subject generally used h i s  other hand t o  pos i t ion  the tool  
i n  the operating hand whi le a t  the same time engaging i t  at/on the work 
spot. Thus, a one-handed too l  became a two-handed too l  during the tes t  
s i tua t ion  ( t h i s  was t rue f o r  the suited o n e q  tests as we1 1 as f o r  the 
water immersion tests).  The v ise g r i p  clamps were the most undesirable 
i n  t h i s  respect, and a modi f icat ion o f  them was made t o  keep the handles 
from separating t o  such a large "throw." The modif icat ion also reduced 
the jaw t rave l  when engaging them, and required a very f i n e  adjustment t o  
get a good t i g h t  g r i p  when locked. Thus, the modif icat ion replaced one 
problem wi th  another o f  equal undes irab i 1 i ty. p l  ie r -  
type tools are t o  be made, i t  i s  suggested that  a ratchet ing mechanism 
be used so that  repeated squeezing w i l l  engage the tool. 

Most of 
Once the operation was started, the task 

The problem appeared t o  be 

Considerable fumbling was usual ly associated w i th  the p l i e r s  i n  the 
To the known problems o f  feedback through the pressurized 

I f  m o d i f  k a t  ion t o  

Pr io r  t o  testing, the v ise g r i p  had been considered an ideal o f f -  
the-shelf hand too l  f o r  EVA because it gave a strong pos i t i ve  lock and 
could be posit ioned and engaged w i th  one hand. 
the case, and i n  nearly a l l  tasks requir ing the use o f  v ise  gr ips the 
subject had great d i f f i c u l t y  and frequently required the assistance o f  a 
d iver  t o  help make the connection. 
hand t o  hold the object t o  be clamped and one t o  manipulate the tool, pre- 
venting the subject from using two hands t o  work the tool. This incident 
of what was thoughtto be a well-conceived concept f o r  maintenance f a i l i n g  i n  
actual appl icat ion i s  a relevant example o f  the e f fec ts  o f  the weightless 
environment. I t  i s  recommended that  a l l  EVA assembly and erect ion concepts 
be t r i e d  and proved by simulation t o  assure the el iminat ion o f  unknown 
contingencies o f  t h i s  type. 

This d id  not prove t o  be 

The clamping tasks usual ly required one 
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One of  the f i ne  d e x t e r i t y  tasks consisted of using a p l i e r - t y p e  w i r e  
s t r ipper .  Across the blade o f  t h i s  tool ,  a distance of about 1/2 in., 
were fou r  openings f o r  w i r e  sizes IO, 12, 14, and 16. The subject was 
required t o  place a No. 12 e l e c t r i c a l  w i re  i n  the t h i r d  opening and engage 
the too l  t o  remove the i nsu la t i on  from the w i r e .  A placement e r r o r  o f  as 
l i t t l e  as 1/16 in. would keep the tool. from removing the i nsu la t i on  and 
would requi re repos i t ion ing  the wi res and t r y i n g  again. The successful 
completion o f  t h i s  task was always dependent on the subject 's  being ab le  
t o  get a s table p o s i t i o n  tha t  could be maintained. This would a l l ow  h i m  
the freedom o f  both hands t o  accomplish the task. Even SO, the preparatory 
work o f  g e t t i n g  the wire, the tool ,  and the upper to rso  j u s t  r i g h t  was a 
time-consuming a c t i v i t y  f o r  the subject. Once these condi t ions had been 
met, the task was accomplished. Seldom was the task accomplished wi thout  
several attempts being required t o  get the w i re  proper ly  pos i t ioned i n  the 
too l .  

This p a r t i c u l a r  task generated considerable comment among the EVA 
team members and the sbbject. 
o f  inc lud ing the w i r e  s t r i p p i n g  task as p a r t  o f  the maintenance tes ts  s ince 
i t s  d e x t e r i t y  requirement was so f i n e  t h a t  the p o s s i b i l i t y  o f  the subject 
successfu l ly  performing the task was indeed remote. 
accompl ished and establ  ished tha t  tasks requ i r i ng  r e l a t i v e l y  f i n e  work 
could be performed i f  proper pos i t i on ing  and s t a b i l i t y  was provided. 

The quest ion was posed as t o  the a d v i s a b i l i t y  

The task  was successfu l ly  

Performance us ing the pincher- type b o l t  cu t te rs  was always very good. 
The pr imary reason f o r  t h i s  occurrence i s  t h a t  when the cu t te rs  were 
posi t ioned on the work spot, a small amount o f  pressure on the handles of  
the too l  engaged the jaws enough t o  a l low the operator to t rans fer  the 
s t a b i l i z i n g  dynamics o f  h i s  p o s i t i o n  t o  h i s  hands on the too l .  
subject appl ied pressure, the too l  i t s e l f  became the ob jec t  o f  s t a b i l  i t a t i o n  
u n t i l  the cu t  was completed. When the rod being cu t  separated, the  subject 
almost always l o s t  cont ro l  and " f e l l "  from the posi t ion.  The c u t t i n g  p a r t  
o f  the task always went smoothly once the subject had s ta r ted  t o  apply 
pressure t o  the handles o f  the  too l .  

When the  

The remaining p l  i e rs  were a l l  operated very adequately w i t h i n  t h e i r  
expected capab i l i t y ,  the exception being the  handling and manipulation problem 
w i t h  pressur ized gloves. The t y p i c a l  problems associated w i t h  posi t ioning, 
s t a b i l i t y ,  and r e s t r a i n t  devices ex is ted  as i t  d i d  f o r  a l l  t oo l s  and most 
tasks . 

Hand D r i  1 1  

Two types o f  d r i l l s  were used dur ing the  tests :  the standard carpenter& 
The diameter o f  the tu rn ing  throw f o r  the brace brace and a small hand d r i l l .  

was IO 1/2 in. wh i l e  on l y  6 in. f o r  the hand d r i l l .  The task required the 
subject t o  d r i l l  downward from h i s  pos i t ion .  
d r i l l  i n  a v e r t i c a l  plane and the brace throw i n  a hor izonta l  plane. 

This placed throw f o r  the hand 
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Task completion w i t h  the hand d r i l l  was accomplished on.ly when t h e  
pos i t i on  assumed by the subject  al lowed t w o  o r  more po in ts  o f  pos i t i on ing  
contact. The work spot was approximately IO in. ins ide  the  access opening. 
One o f  the favored pos i t ions  f o r  t h i s  task was to p lace the  head ins ide  
the upper edge o f  the mockup and use the  back o f  the head as the second 
p o i n t  o f  contact t o  maintain the p o s i t i o n  (see r e s t r a i n t s  coverage 
f o r  de ta i led  duscussion). 
a rhythm on the a c t i v a t i n g  lever  of the too l .  I n  other  posi t ions, the 
necessity t o  con t i nua l l y  open the t o o l s  lever  tended t o  create an unbalanced 
condi t ion t h a t  lacked s t a b i l i t y .  The subject could not  mainta in the tu rn ing  
rhythm when not s table and the b i t  would b ind  and s t i ck .  
completion o f  a d r i l l i n g  task was always a func t ion  o f  a secure and stable 
p o s i t i o n  f o r  accomplishing the  work. 

I n  such a posi t ion,  the subject could maintain 

A successful 

The carpenter's brace was never used t o  a s a t i s f a c t o r y  task completion. 
Eventually, the carpenter 's brace was dropped from the tes ts  and on ly  the 
hand d r i  1 1  used. 
brace possib ly  because o f  the large throw o f  the a c t i v a t i n g  lever, a diameter 
o f  10-1/2 in., and because o f  the hor izonta l  plane o f  r o t a t i o n  o f  the lever  
when the brace i s  pos i t ioned a t  the work spot. An add i t i ona l  d i f f i c u l t y  
encountered w i t h  the brace was i n  the a c c e s s i b i l i t y  t o  the work spot, which 
was adequate fo r  the hand d r i l l ,  but not  f o r  the l a rge r  brace. A much 
greater volume of free space around the work spot was required f o r  the brace 
t o  be proper ly  operated. A f r o n t a l  d r i l l i n g  task w i t h  the brace throw being 
ac t iva ted  i n  a v e r t i c a l  plane may have been possible, but  was not  included 
i n  the tests.  

The subject f a i l e d  t o  perform the d r i  1 1  ing task w i t h  the 

Saw 

Two saw conf igurat ions were o r i g i n a l l y  planned f o r  the tes t :  a t y p i c a l  
hacksaw and a keyhole-type saw w i t h  a blade f o r  c u t t i n g  metal. During the 
one-g tes ts  the keyhole saw was found t o  be unsat is factory and was deleted 
from the remaining tests.  The preference by the subject f o r  the hacksaw was 
a t t r i b u t e d  t o t a l l y  t o  the tee th  o f  the hacksaw blade, ra ther  than t o  any 
funct ional  d i f fe rence i n  the saw conf igurat ions. 

The depth o f  the analys is  poss ib le w i t h i n  the framework o f  the t e s t  
s i t u a t i o n  does no t  prov ide a means o f  d i f f e r e n t i a t i n g  and comparing the  
differences o f  too ls  to one another unless extremes ex i s t .  The saw 
was no t  one o f  the extreme tools .  I t  genera l l y  worked q u i t e  w e l l  f o r  the  
subject i f  he was posi t ioned f i r m l y  and could maintain the p o s i t i o n  f o r  
the task duration. Once again, pos i t i on ing  was essent ia l  t o  the task 
success. Where too l  use involved muscular s t rength and repeated motions, 
the s t a b i l  i t y  of. the p o s i t i o n  over the  durat ion o f  the task was necessary 
if the task was t o  be performed from beginning t o  end w i thout  in terrupt ions.  
I n te r rup t i ons  i n  the sawing task were frequent. The most obvious causes 
o f  delay were the loss o f  p o s i t i o n  s t a b i l i t y ,  f a t i gue  in the arm used f o r  
the task, and the in te r rup t ions  o f  the sawing motion rhythm. 



Fatigue dur ing the sawing task i s  a t t r i b u t e d  t o  fac tors  add i t iona l  
t o  the actual  physical  e f f o r t  o f  the sawing act, such as the detr imental  
e f f e c t s  o f  the pressure su i t ,  1 imited vis ion, poor t a c t i l e  f ee l  ing w h i l e  
wearing pressurized gloves, d i f f i c u l t y  o f  g e t t i n g  and maintaining a good 
p o s i t i o n  t o  do the work, the r e s t r i c t e d  work place o f  the l e f t  hand s ide  
o f  the mockup opening, and r e s t r a i n t  r e s t r i c t i o n s ,  

Attempts by the subject t o  perform the sawing task were f requent ly  
unsuccessful. I n  Test I .3.5.5., the successful completion o f  the task 
using the l e f t  hand i s  a t t r i b u t e d  t o  the good p o s i t i o n  obtained by the  
subject using the foo t  res t ra in t s .  A l l  attempts by the subject  t o  saw 
l e f t  handed wh i l e  using the rLg id  l eg  r e s t r a i n t s  were fa i lu res .  
sawing tasks required f i r m ,  s tab le  pos i t i on ing  f o r  successful completion. 

The 

F i l e s  

The f i l e  was used t o  cu t  a notch i n  a bar, t h i s  notch being the 
s t a r t i n g  p o s i t i o n  f o r  the sawing task. 
f i l e  was essen t ia l l y  the same as t h a t  required f o r  the saw, so i t  was 
c l a s s i f i e d  as a saw-type too l .  
few strokes o f  the f i l e  were required t o  cu t  the notch. 
the f i l e  task provided was one o f  d e x t e r i t y  i n  the proper pos i t i on ing  o f  
the f i l e ,  
subject 's  p o s i t i o n  and s t a b i l i t y .  When d i f f i c u l t y  was observed i n  performing 
t h i s  task, a pos i t i on ing  o r  s t a b i l i t y  problem was a lso observed. No 
attempts were made t o  f i l e  f o r  smoothing o r  f i t t i n g ,  which are two common 
and frequent f i l i n g  tasks. 
sawing motions w i t h  a f i l e  t o  cu t  a notch presented no problems, but  t h i s  
does not  mean t h a t  a l l  f il ing tasks can be performed. 

The motion used t o  operate the 

The task was very simple and o n l y  a 
Any d i f f i c u l t y  t ha t  

Again, the success o f  the task was a func t ion  o f  the 

Therefore, i t  can be concluded t h a t  using 

Punches 

. _ - - -  The punch was selected t o  represent t h a t  group o f  small- hand too l s  
The two spec i f i c  t oo l s  used i n  the tasks were t h a t  are held and struck. 

a center punch and a blunt-pointed, d r i f t  punch. 
b a s i c a l l y  w i t h  the a b i l  i t y  o f  the subject t o  p o s i t i o n  the punch and 
maintain i t s  p o s i t i o n  wh i l e  being struck. 

The observer was concerned 

The successful completion o f  t h i s  task  was not  completely dependent 
on handling dex ter i t y .  The subject could posi t ion,  hold, and s t r i k e  the 
punch when the o ther  re la ted  condit ions would a l low it. The f a i l u r e  t o  
perform the  task element was always a t t r i b u t a b l e  t o  secondary interferences, 
such as the subject being held away from the contact p o i n t  f o r  the punch 
by h i s  r e s t r a i n t  conf igurat ion, o r  the lack o f  a s tab le  p o s i t i o n  from which 
he could work w i t h  both hands. To perform the task element, one cond i t ion  
had t o  be met:  a s table work posit ion--one tha t  could be maintained and 
not disrupted by the body movements r e s u l t i n g  from s t r i k i n g  the punch w i t h  
a hammer. 
pos i t i on ing  of the punch and manipulat ion o f  the hammer. 

I n  addi t ion,  the subject 's  p o s i t i o n  had t o  be one t h a t  al lowed 
The p o s i t i o n  
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most o f t e n  assumed f o r  t he  tasks t h a t  were success fu l l y  completed was one 
i n  which t he  work area was d i r e c t l y  i n  f r o n t  of  the  sub jec t  about w a i s t  
high. 

Wrenches 

A cons iderab le  v a r i e t y  o f  wrenches were tested.  There were t w o  
bas ic  reasons f o r  t h i s :  ( I )  t he  frequency w i t h  which wrenches a r e  
used i n  maintenance work, and ( 2 )  ,the p o s s i b i l i t y  o f  i d e n t i f y i n g  
any e x i s t i n g  d i f f e rences  t h a t  would make one wrench type  more des i r ab le  
than another. 

The t e s t  s i t u a t i o n  was s e t  up to inc lude  s imple  one-handed wrenching 
tasks and t o  proceed through d i f f i c u l t ,  high-torque, two-handed ones; the 
l a t t e r  inc luded b o t h  one-wrench and two-wrench manipulat ions.  As p a r t  
o f  the t e s t  s i t ua t i on ,  r e p e t i t i v e  t o rqu ing  o f  the same wrench was 
included. Thus, the  wrench cou ld  be observed over  a long pe r i od  o f  t ime  
under var ious condi t ions.  Again, as i n  a l l  the t o o l - t a s k  s i t ua t i ons ,  the 
cond i t i ons  o f  p o s i t i o n  and s t a b i l  i t y  were t h e  dominant f ac to r s  i n  the 
success o r  f a i l u r e  o f  task  completion, 
and undes i r a b l e  performance) was 
having p o s i t i o n i n g  and s t a b i l i t y  d i f f i c u l t i e s .  
s t a b i l  i t y  were evident, a l l  wrenching tasks were success fu l l y  performed 
(F igure  5-1 9). 

F a i l u r e  (degrees o f  u n s a t i s f a c t o r y  
always assoc ia ted w i t h  t he  s u b j e c t ' s  

When good p o s i t i o n  and 

Two types o f  ad jus tab le  jaw wrenches were tes ted:  an 8- in .  crescent 
wrench and two IO-in. p i pe  wrenches. Observations were made on both  types 
used i n  tasks r e q u i r i n g  bo th  the use o f  one and t w o  wrenches. Without 
exception, the two-handed wrenching tasks gave the sub jec t  g rea t  d i f f i c u l t y .  
Wi th  a wrench i n  each hand, the sub ject  d i d  no t  have a f r e e  hand t o  hold, 
correct ,  s t a b i l i z e ,  and keep a good p o s i t i o n  from which t o  perform the task. 
An i n t e r e s t i n g  example o f  p o s i t i o n i n g  s t a b i l i t y  was observed du r i ng  f i l m  
ana l ys i s  o f  the maintenance tes ts .  The sub jec t  had t r i e d  several  approaches 
o f  performing a two-handed task, bu t  cou ld  no t  ma in ta i n  e i t h e r  a steady 
p o s i t i o n  o r  get c lose enough t o  h i s  work. 
by p l a c i n g  an arm i n t o  each o f  the two access openings on the mockup and 
"hugged" h imsel f  t o  the d i v i d i n g  area between the two openings. 
he ld  him i n  pos i t i on ,  i n  con junc t ion  w i t h  h i s  r e s t r a i n t ,  ye t  bo th  hands were 
r e l a t i v e l y  f r e e  t o  manipulate too ls .  
e i t h e r  o f  h i s  hands any g rea t  d is tance  s ince  the forearms had t o  be kept  i n  
contact  w i t h  the sec t ion  o f  the  mockup he was "hugging." I t  was i n  t h i s  
manner t h a t  one s p e c i f i c  two-handed task  was performed. When such p o s i t i o n-  
ing  innovat ions were no t  possib le,  o r  no t  d iscovered by the subject ,  the 
two-handed tasks f r equen t l y  met w i t h  f a i l u r e .  To overcome the g rea t  d i f -  
f i c u l t y  o f  per forming a two-handed task, t he  sub jec t  o f t e n  found a method 
o f  us ing  o n l y  one hand. An ou ts tand ing  example o f  t h i s  technique was the 
use o f  two p i pe  wrenches t o  "break" a p rese t  torque va lve on a p i pe  union. 
The task  was s e t  up so t h a t  the  sub jec t  would be requ i red  t o  p lace  one 
wrench on the p i pe  t o  keep i t  from t u r n i n g  when t he  o t h e r  wrench was t u r n i n g  
the union t o  break the connection. I t  was intended t h a t  the sub jec t  perform 
t h i s  task  w i t h  a wrench i n  each hand, p u l l i n g  on one and pushing on the other, 
so t ha t  f o r ce  would be exer ted on each wrench as they come together  in  a 
p inch ing  movement. 

He solved the p o s i t i o n i n g  problem 

H i s  forearms 

Th i s  p o s i t i o n  d i d  not a l l o w  h i m  to  move 

-. 
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SUCCESSFUL WRENCHING POSITION 

F-7308 
"FALLING" AWAY FROM R I G I D  LEG POSITION DURING WRENCHING TASK 

F igu re  5-19 
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The subject f i r s t  attempted t o  perform the task i n  t h i s  manner. 
I n  doing so he l o s t  cont ro l  o f  the wrenches by dropping them,fumbling 
the ad jus t ing  rings, o r  having the wrench s l i p  o f f  the p ipe  o r  union. 
Then, the subject  discovered the process o f  wedging one o f  the wrenches 
wh i l e  connected to the p ipe  by pressing it down against the mockup 
where i t  was held i n  p lace by f r ic t ion.  Then he had bo th  hands f ree  t o  
adjust, fit, and manipulate the second wrench. When the wedged wrench 
was posit ioned, the  subject  could then use one hand on the unbound wrench 
and the o the r  t o  s t a b i l i z e  h i s  p o s i t i o n  (F igure 5-20). Actually, a two-  
handed task was broken down i n t o  smal ler task elements t h a t  allowed the 
subject t o  perform the task w i t h  one hand in  a ser ies o f  steps. Work 
improvement o f  t h i s  nature was almost always attempted f o r  two-handed 
tasks tha t  proved d i f f i c u l t  due t o  pos i t i on ing  s t a b i l i t y .  An exception 
e x l s t s  t o  t h i s  breaking down o f  the two-handed tasks t o  one-handed steps, 
t h a t  Is associated w i t h  the linemdn's pos i t ion .  Discussion o f  t h i s  p o s i t i o n  
and i t s  e f f e c t  on the work c a p a b i l i t y  o f  the  subject i s  covered i n  the 
sect ion deal ing w i t h  res t ra in t s .  

Two socket-wrench conf igurat ions were used. One was w i t h  a ra tchet  
handle (F igure 5-20), and the other  w i t h  a T-handle. Both wrenches 
could be manipulated under ideal condit ions w i t h  one hand. However, the 
normal use o f  socket wrenches i s  w i t h  the operator ho ld ing and guid ing 
the wrench shank w i t h  one hand and torquing i t  w i t h  the o ther  hand. The 
subject usua l l y  used the socket wrenches w i t h  one hand. The long extension 
o f  the tool, used t o  reach b o l t s  t h a t  could be reached in  no o ther  manner, 
was a hindrance i n  the one-hand torquing due t o  the b o l t  contact p o i n t  
being too f a r  f r o m  the c o n t r o l l i n g  hand. Deviations o f  aim and bolt-wrench 
contact were more frequent as distance t o  the socket was increased from the 
hand holding the too l .  
d i f f i c u l t  by the subject i n  making good, quick, repeated bolt-wrench 
contacts [Figure 5-21). The t roub le  encountered by the subject i n  making 
bolt-wrench contacts i s  a l so  a t t r i b u t e d  t o  the lack  o f  feedback through the 
pressure-gloved hand. 
and o ther  r e s t r i c t i o n s  associated w i t h  them is,discussed under Recommendations 
a t  the end of  t h i s  section.) 

There was a considerable amount o f  fumbl ing and 

(The bal looning e f f e c t  o f  the gloves when pressurized, 

The socket wrenches were used i n  several combinations dur ing the 
maintenance tes ts  t o  es tab l i sh  possib le u t i l i t y  in prov id ing  the astronaut 
w i t h  an assortment of interchangeable too ls .  Interchangeable too l s  would 
have the advantage o f  minimizing space requirements. The p r i n c i p a l  
disadvantage o f  the socket wrenches used in  these tes ts  was the inadvertent 
disconnect ion of  the too l  . 
coming apart, sometimes from the too l  k i t  when being removed, and 
occasional ly  dur ing use. 
t oo l  being l o s t  a t  the bottom o f  the tank. The general awkwardness o f  the 
socket wrench conf igura t ion  a l so  contr ibuted t o  o ther  too l s  being knocked o r  
p u l l e d  from the too l  k i t .  
tools, espec ia l l y  those o f  simple conf igurat ion t h a t  would lend themselves t o  
lanyard attachment (F igure 5-21) . 
not  retained. 

There were frequent cases o f  the socket wrench 

Such disconnections would r e s u l t  i n  p a r t  o f  the 

Retaining devices were used on many o f  the 

The sockets and socket wrenches were 
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TWO WRENCH TASK REDUCED TO ONE WRENCH TASK BY WEDGING 
ONE WRENCH AGAINST THE SPACECRAFT MOCKUP 

F-7309 
TWO HAND APPLICATION TO RATCHET WRENCH 

F i  g u r e  5-20 
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BOLT/WRENCH CONTACT WITH LONG EXTENSION 

F-7310 
LANYARD ATTACHMENT OF SCREWDRIVER TO WRIST 

F i  gure 5-21 
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The d i f f i c u l t y  the subject  had i n  making wrench t o  b o l t  contact, 
whether he was using small, large, open end, o r  ad justable wrenches leads 
t o  the assumption t h a t  the subject was not g e t t i n g  the feedback through 
the gloved hand t h a t  i s  associated w i t h  performance i n  o rd inary  work 
s i tua t ions .  This assumption was supported by the subject 's  attempts t o  
compensate f o r  the lack o f  appropr ia te feeback by performing a l l  the wrench- 
ing tasks w i t h i n  h i s  v isual  f i e l d  (F igure 
not  see h i s  work spot, he could not  successfu l ly  remove a b o l t  o r  nut. 

5 - 2 2 ) .  When the subject could 

Wi th in  the observations made, dur ing the maintenance tasks, i t  was 
concluded t h a t  the open-end wrenches were the most s a t i s f a c t o r y  (F igure 5- 
2 3 ) .  Generally, the l a rge r  the wrench, the b e t t e r  the performance. An 
exception i s  t h a t  dur ing the maintenance tests,where good steady pos i t i on ing  
of the subject  could be obtained when using the f o o t  o r  cage res t ra in t ,  the 
T-socket and the ratchet  wrench worked as w e l l  as any combination o f  
wrenches tested. 

Sc rewd r i ve r s  

The most  unsat is fac tory  o f  the common too l s  tested was the screwdriver. 
The push-away e f f e c t  r e s u l t i n g  from the use of the tool ,  and the necessi ty 
f o r  constant cont ro l  by the operator t o  keep the too l  i n  contact w i t h  the 
s l o t t e d  head o f  the crew makes the task impossible unless the subject i s  
i n  a s t a b i l i z e d  p o s i t i o n  (F igure 5 - 2 4 ) .  
d i f f i c u l t  t o  maintain because t o  operate the tool, the subject must 
push on it. This causes loss o f  p o s i t i o n  and requires subject repos i t ion ing  
t o  the work. The necessi ty t o  f i t  the  t o o l ' s  blade i n t o  the screw s l o t  
i s  undesirable and can, t o  a la rge  degree, be e l  iminated by using something 
s i m i l a r  t o  an Allen-headed b o l t  instead. I f  such an innovation were used, 
the need o f  the screwdriver could l a r g e l y  be e l iminated s ince a wrenching 
type o f  too l  could be subst i tu ted.  

I n  addit ion, p o s i t i o n  i s  very 

A small screwdriver was used f o r  many o f  the tes ts  t o  evaluate the 
d e x t e r i t y  a b i l i t y  o f  the subject. 
replacement o f  a small e l e c t r i c a l  switch, inc lud ing the disconnection and 
reconnection of the e l e c t r i c a l  wires. The success o f  t h i s  task was 
p r i n c i p a l l y  dependent on the steadiness o f  the p o s i t i o n  o f  the subject 
dur ing the work (F igure 5-25). 

One task required the removal and 

The s l o t t e d  head fastener should be e l iminated from the design 
requirement f o r  "space" assembly and erect ion; i f  not, then mod i f i ca t ion  
of the screwdriver i s  mandatory f o r  b e t t e r  in te r face  w i t h  the state-of-  
the-art  pressure su i t s .  The subject, wi thout  exception, palmed the too l  
t o  operate it. Instead o f  holding the  screwdriver i n  the normal manner, the 
end o f  the handle was placed i n  the palm of the hand, and the too l  was 
turned by the thumb and foref inger .  
could no t  be applied. I f  the handle was modif ied t o  a 3- or  4- in.  
diameter, then palming and exer t ing  a la rger  torque would be possible. 
subject commented t h a t  a l l  the screwdriver handles were too small. 

I n  t h i s  pos i t ion,  la rge  torque forces 

The 
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SUBJECT MOVING BACK TO SEE WRENCHING TASK 

F-7311 SUBJECT MOVING IN TO SEE WRENCHING TASK 

Figure 5-22 

185 



SUCCESSFUL PERFORMANCE OF AN OPEN END WRENCHING TASK: SEQUENCE 1 

F i  g u r e  5-23 
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"PUSH-OFF-EFFECT" BREAKING POSITION 

SUBJECT USING TWO HANDS TO GUIDE 
SCREWDRIVER BLADE TO SCREW SLOT 

F igu re  5- 24 
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SUBJECT WITH LEG I N  ACCESS OPENING TO GAIN 
STABIL ITY FOR PERFORMING A "FINE" TASK 

Fi  gu r e  5-25 
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* 

The arm and w r i s t  movements requ i red  t o  operate  a screwdr iver  i n  a 
pressure s u i t  a re  very  d i f f i c u l t  t o  make. The invo lved dynamics have n o t  
been i s o l a t e d  in t h i s  study, b u t  a l l  screwdr iver  use was accompanied by 
arm f a t i g u e  t h a t  requ i red  the  sub jec t  t o  r e s t  o f t e n  and move the  arm back 
and f o r t h  t o  prevent  o r  remove muscle cramps. 
which the screwdr iver  was used, t he  sub jec t ' s  arm would be chafed from 
rubbing aga ins t  the s u i t .  I t  was concluded t h a t  t h e  s u i t  c o n f i g u r a t i o n  
was t o  a l a r g e  p a r t  respons ib le  f o r  the d i f f i c u l t y  o f  opera t ing  the  screw- 
d r i ve r .  D i f f e r e n t  s u i t  con f igu ra t ions  m y  e l  iminate  t h i s  problem. Mean- 
while, the screwdr iver  appears t o  be a ve ry  undes i rab le  t o o l  f o r  EVA. 

Fo l low ing  the  t e s t s  in  

LOCOMOTION A I D S  

F ive locomotion a i d s  were used du r i ng  the  t e s t s :  ( I )  rope te ther ,  
( 2 )  hand r a i l ,  ( 3 )  hand hold, ( 4 )  t a u t  rope, and (5 )  r i g i d  pole.  

Rope Tether 

The s e l e c t i o n  of the f i v e  concepts t o  be tes ted  was based on the 
assumption t h a t  the s implest  manner o f  p r o v i d i n g  the ast ronaut  w i t h  a 
means o f  ho ld i ng  on t o  an ob jec t  a t tached t o  h i s  v e h i c l e  would be the  
f i r s t  types o f  rocornotion devices used. 
i s  the tope te ther ,  which cons is ts  s imply o f  a t t a c h i n g  a rope t o  
veh i c l e  and secur ing the o ther  end t o  the subject .  Th is  locomot 
a i d  i s  s a t i s f a c t o r y  f o r  r e t u r n  only.  Travers ing t o  a work p o s i t  
must u t i  1 i ze  some o ther  means. As the sub ject  gathered the rope 
t o  traverse, he would tumble and t u r n  and soon be ou t  o f  con t ro l  
5-26). The damping e f f e c t  o f  the water immersion s imu la t ion  ass 

The most elementary o f  hese 
the 
on 
on 
t o  him 
(F igure  
s t ed  

the  sub jec t  i n  ma in ta in ing  con t ro l  w i t h  t h i s  locomotion a id .  During 
maintenance tes t ing ,  however, the rope t e t h e r  was found t o  be an unsat- 
i s f a c t o r y  locomotion a i d  because of the t ime consumed by the sub jec t  
t r y i n g  t o  u t i l i z e  it, and i t  was de le ted  from the tes ts .  

Hand R a i l  

The hand r a i l  cons is ted  of  a leng th  o f  tub ing  a t tached a t  bo th  ends 
and set  approximately 6 in .  ou t  from the surface o f  the veh i c l e  mockup. 
The sub ject  used i t  i n  t r a v e r s i n g  from the hatch t o  the work s t a t i o n  a t  
the access opening (F igure  5-27). 
o f t e n  used i s  descr ibed as a c r a b- l i k e  movement. 
one hand forward, t i g h t e n  h i s  g r i p  on the r a i l ,  and then b r i n g  the o the r  
hand up t o  it. His body would move p a r a l l e l  t o  the r a i l  and i n  an u p r i g h t  
pos i t i on .  A hand-over-hand movement w i t h  the  body ho r i zon ta l  t o  the r a i l  
was seldom used. 

The mot ion o r  means o f  locomotion most 
The sub jec t  would s l i d e  
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CONTROL PROBLEM WITH ROPE TETHER: SEQUENCE 1 

CONTROL PROBLEM WITH ROPE TETHER: SEQUENCE 2 

F i g u r e  5-26 
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USE OF HANDRAIL TO TRAVERSE 

F-73 16 USE OF HANDRAIL TO POSITION 
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During the actual  task performance sequences the subject would 
f requent ly  use the r a i l  t o  correct, secure, aid, o r  change h i s  work 
pos i t ion .  
the r a i l  and p u l l  ing (F igure 
hand r a i l  as a means o f  ho ld ing h i s  work p o s i t i o n  by hooking a foot, knee, 
o r  arm behind o r  around it. 
subject took advantage o f  any pro t rus ion  ava i l ab le  to secure h i s  p o s i t i o n  
by b inding a l imb i n  o r  on i t  i n  some manner. 
acceptable locomotion a i d  conf igura t ion  and worked as w e l l  as any o ther  
concept tested. 

This locomotion usua l l y  consisted o f  reaching ou t  and grasping 
On occasions, the subject  used the 5-28). 

I t  was noted throughout the tes ts  t h a t  the  

The hand r a i l  was an 

Hand Hold 

Two conf igurat ions o f  hand-hold locomotion aids were tested. The 
f i r s t  consisted o f  a ladder w i t h  adjustable rungs so constructed tha t  they 
could be set  any desired distance apart. 
consisted o f  T-handles tha t  could be se t  i n  the mockup's maintenance boom; 
these a lso could be adjusted t o  any desired distance apar t  (F igure 5-29). 

The o ther  hand-hold conf igura t ion  

The ladder conf igura t ion  was used i n  both a v e r t i c a l  and hor izonta l  
plane ( t h e  o r i e n t a t i o n  i s  i n  reference t o  the rungs). There was no 
observable d i f fe rence i n  the funct ional  aspect of  the ladder as a locomotion 
a i d  associated w i t h  these two pos i t  ions. The ladder was as sat  i s fac to ry  as 
the hand r a i l  o r  the T-handles. I f  there ex i s t s  a funct ional  difference, 
i t  i s  associated w i t h  the cleaner l i nes  o f  the ladder design, thereby present- 
ing fewer obstacles t h a t  the many objects  attached t o  the pressure s u i t  
can become caught upon and prevent ing the subject from moving along the 
locomotion aid. Changes i n  the distance between the rungs on the ladder 
from 12 t o  16 in. d i d  not appear t o  make an observable di f ference. 
The subject used the s ide  r a i l s  on the  ladder as hand holds as o f ten  as 
he d i d  the rungs. 

The T hand-hold conf igurat ion consisted o f  a &in. up r igh t  w i t h  
a 12-in. cross member. The subject used i t  i n  the "crab" manner 
and in  the hand-over-hand traverse method w i t h  the body hor izonta l  t o  the 
boom. The hand-over-hand method appearedto be the  fas tes t  means o f  
t raversing. 
less than IO ft. 
traverses o f  under IO ft. 
traverses, the subject o f ten had t roub le  keeping h i s  body away 
from the locomotion aid,and hooked objects  attached t o  the s u i t  on 
the handles. 
traverses w i t h  the "crab" technique (Figures 5-30). 

However, i t  was seldom used by the subject f o r  distances of  
The "crab" motion was near ly  always used f o r  small 

When the "crab" motion was used f o r  longer 

Control o f  body p o s i t i o n  was harder t o  maintain over long 
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USE OF HANDRAIL TO POSITION 

F-7317 
USE OF HANDRAIL TO POSITION 

F i g u r e  5-28 
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"CRAB" TRAVERSING WITH "T" HANDLES: SEQUENCE 1 

F-7318 
"CRAB" TRAVERSING WITH "T" HANDLES: SEQUENCE 2 

Figure 5-29 
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TORSO T I  P P I  NG DUR I NG "CRAB" TRAVERS I NG 
(CONTROL PROBLEM) : SEQUENCE 1 

F-7319 
TORSO TIPPING DURING "CRAB" TRAVERSING 

(CONTROL PROBLEM) SEQUENCE 2 

F igure 5-30 
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Taut Rope 

The t a u t  rope locomotion a i d  consisted o f  a rope p u l l e d  tau t  and 
f i x e d  a t  both ends; i t  was used i n  the same manner as the hand r a i l .  
The r a i l  was removed from the f r o n t  o f  the mockup and the rope subs t i tu ted  
i n  the r a i l ' s  place (F igure 
i n  the i den t i ca l  manner tha t  the hand r a i l  was used. I t  d i d  no t  func t ion  
as we l l  as the r a i l  did, s ince i t  had some p lay  and "give" i n  it. I n  using 
the t a u t  rope, the subject had t o  spend ex t ra  t ime making correct ions f o r  
the movements brought about by the e l a s t i c  aspect o f  the  rope. 
di f ference was not  great, but d i d  e x i s t  and i s  undesirable. 

5-31). The rope was used by the subject 

The 

R ig id  Pole 

The r i g i d  po le  d i f f e r e d  from the hand r a i l  i n  t h a t  i t  was secured a t  
one end only, leaving one end f ree  and unattached (F igure 5-31). This 
conf igura t ion  manifested some p lay  and whip i n  the unattached end t h a t  
caused the subject some loss o f  balance and contro l .  For example, when 
the subject grasped the loose end o f  the pole, i t  would whip back and 
fo r th .  
motion stopped. Then, general l y  i n  a head-f i r s t ,  hand-over-hand manner t o  
keep the whipping motion t o  a minimum, he would p u l l  h imself  along the 
po le  (F igure 5-32). 
imparted rather  a bouncing appearance, but the subject handled t h i s  very 
wel l ,  and i t  d i d  not  appear t o  i n t e r f e r e  w i t h  h i s  t raversing. 

The subject corrected t h i s  by simply hold ing on u n t i l  the 

Some movement was observed i n  the po le  tha t  

The r i g i d  pole locomotion conf igura t ion  seems t o  be the most  des i rable 
one tested, not  because i t  is more funct ional  than the others, but  
because o f  i t s  design s i m p l i c i t y  and the f l e x i b i l i t y  i t  provides f o r  
extending ou t  o r  away from the mother vehicle.  

Fa s t ene r s  

A review o f  a v a r i e t y  o f  fastener catalogs revealed no s p e c i f i c  
fastener concept t h a t  would meet the requirements f o r  a universal  fastener 
t o  be used f o r  space assembly. 
tasks t o  be performed dur ing EVA, i t  appears t h a t  the se lec t ion  o f  fasteners 
w i l l  be based on p r a c t i c a l l y  the  same se lec t i on  procedure as t h a t  used 
f o r  any fastening problem. Added t o  these procedures w i l l  be the add i t iona l  
requirement imposed by the astronauts '  pressur ized gloves and the d i f f i c u l t y  
o f  applying torques i n  a weightless conditon. Basical ly,  however, the 
se lec t i on  o f  the fastener w i l l  depend on the requirements f o r  strength, 
size, wear, heat exposure, e l e c t r i c a l  conduct iv i ty ,  and weight. 

Actual ly,  from the p o i n t  o f  view o f  the  

Although there are over 500,000 standard items which are i d e n t i f i a b l e  
by name, type, size, and mater ia l  l i s t e d  i n  the standards document, most  
o f  these are va r ia t i ons  o f  the bo1 t and nut  des ign. The ma jo r i t y  o f  the 
special  fasteners tha t  deviated from the nu t  and b o l t  design are e i t h e r  
special  designs f o r  s p e c i f i c  purposes o r  v a r i a t i o n  o f  the dr ive- pin concept. 
The review o f  the fastener catalogs revealed no fasteners tha t  could meet 
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SUBJECT USING TAUT ROPE ON SPACECRAFT MOCKUP 

F-7320 
R I G I D  POLE LOCOMOTION A I D  EXTENDING 

AWAY FROM SPACECRAFT MOCKUP 

F i g u r e  5-31 
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HEAD FIRST TRAVERSING USING RIGID POLE 
LOCOMOTION AID: SEQUENCE 1 

F-7321 
HEAD FIRST TRAVERSING USING RIGID POLE 

LOCOMOTION AID: SEQUENCE 2 

F i  g u r e  5-32 

198 



the universal  app l i ca t i on  i l l u s t r a t e d  by the "expando-pin." This fastener 
appeared t o  f i t  the in-space erec t ion  and assembly requirement b e t t e r  than 
any other  fastener. 
e a r l y  phases o f  t e s t i n g  proved t h a t  t h e i r  l i m i t e d  app l i ca t i on  was not  
appropr iate f o r  the fastening tasks o f  the EVA study. 

However, attempts t o  use the expando p i n  dur ing the 

The fasteners tested were a v a r i e t y  o f  types, ra ther  than a 
representat ive sampling. They were a r r i v e d  a t  as a compromise t o  i l l u s t r a t e  
the di f ferences i n  fasteners from which s p e c i f i c  se lect ions could be made 
and t o  a l low t e s t i n g  o f  o f f- the- she l f  wrenches. 
review d i d  not  reveal any s p e c i f i c  new fastener concepts tha t  would a l l e v i a t e  
the fastener problem but, instead, po inted out t h a t  a design problem may 
e x i s t  in the EVA fastener area. 

The de ta i l ed  fastener 

Three types o f  b o l t  heads were tested: external  wrenching, in te rna l  
wrenching, and s l o t t e d  heads. These b o l t s  were furnished i n  three sizes and 
re fe r red  t o  dur ing the tes ts  as large, medium, and small. The use o f  
the three b o l t  s izes se t  the framework w i t h i n  which the observat ional  
judgments were made. These are  i d e n t i f i e d  awl described i n  Table 2-2. 

Small bo1 t s  were dropped, misal igned, t ime consuming, harder t o  
remove, and resu l ted  i n  more task fa i l u res  than the large b o l t s  i n  a l l  t e s t  
modes. The la rge  b o l t s  a lso  had these same negative aspects associated w i t h  
them, but  were mishandled less frequent ly.  Task performance success was 
b e t t e r  w i t h  the la rge  bo l ts .  

The in te rna l  wrenching heads were the most desirable, and the 
s l o t t e d  head b o l t s  were the leas t  desirable. I t  was concluded tha t  the 
the s l o t t e d  head b o l t s  should be e l iminated from EVA whenever poss ib le 
because o f  the d i f f i c u l t y  encountered by the subject usinq the screwdriver. 
The advantages o f  the in te rna l  wrenching head are the increased a b i l i t y  
t o  see and fee l  wrench contact w i t h  the b o l t  and the r e s u l t i n g  improved 
e f f i c i e n c y  i n  the tu rn ing  o f  the bo l t .  No conclusion can cu r ren t l y  be made 
as t o  whether a medium-sized in te rna l  wrenching b o l t  i s  more o r  less 
desi rable than a la rge  external  wrenching bo1 t. 

The subjects repeatedly had d i f f i c u l t i e s  w i t h  a l l  three types o f  small 
b o l t s  t ha t  were handled w i th  the pressurized gloves. I t  appeared that  when 
the  subject was working w i t h  small bolts, he had d i f f i cu l t y ' know ing  whether 
he had i t  i n  h i s  hand o r  not unless he could a c t u a l l y  see the b o l t .  Taking 
the b o l t  out o f  i t s  p o s i t i o n  w i t h  the f ingers  and p lac ing  i t  i n  a container 
o r  holder proved t o  be an awkward and d i f f i c u l t  task. 
performed be t te r  i n  every way w i th  the large bol ts .  

The same tasks were 

Through a l l  the maintenance tes ts  the subject commented tha t  the small 
b o l t s  were impossible t o  handle. The subject had t roub le  wrenching a l l  three 
small b o l t s  because he could not t e l l  by " fee l "  o f  the wrenches whether o r  not  
they had made a good connection on the bo l t .  
wrench had t o  be compensated fo r  by the subject seeing the bolt-wrench 
connection dur ing the wrenching tasks. 

The l a c k o f  feedback from the 
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LARGE MODULE ERECTION AND ASSEMBLY 

During the numerous tes ts  conducted i n  the maintenance study, there 
was a gradual development o f  a " tes t "  o r i e n t a t i o n  by the subject t ha t  
appeared t o  manifest i t s e l f  as an independence, and c e r t a i n l y  about the 
best means o f  performing the tests .  
observer i s  t ha t  the subject bel  ieved the tasks he performed i n  the mainten- 
ance t e s t  were easier  t o  perform because o f  h i s  improvement o f  the task 
sequences, and the ove ra l l  improvement o f  the t e s t  s t ruc tu re  as he improvised 
changes i n  it. The observer i s  i nc l i ned  t o  d i s c r e d i t  t h i s  s ince i t  i s  be l ieved 
tha t  the hardware conf igurat ions t h a t  were changed from one t e s t  s i t u a t i o n  t o  
the next imposed more v a r i a t i o n  i n  the t e s t  s i t u a t i o n  than was observable t o  
the subject.  A secondary p o i n t  i s  t h a t  the learn ing the subject was exper- 
iencing was apparently not  obvious t o  him, and when he u t i l i z e d  these newly 
acquired techniques t o  improve h i s  performance, he was a t t r i b u t i n g  the 
improved 

The opin ion o f  the human engineering 

t o  h i s  a1 t e r a t i o n  o f  the,procedures. 

A1 though procedures were developed f o r  the la rge  module assembly 
and erec t ion  test, no insistence was made by the t e s t  conductor o r  the 
human engineering observer t h a t  these procedures be fol lowed w i thout  
deviat ion. Instead, i t  was f e l t  advisable t o  present the procedures t o  
the subject i n  the 1 i gh t  o f  guide1 ines. The subject was ins t ruc ted  that, 
" the  procedures represent a way i n  which we t h i n k  the task could be 
performed. Since they have not been developed by actual  tests, however, 
there i s  no c e r t a i n t y  tha t  the procedures a re  the best way t o  perform 
the task. You are doing the work and are i n  a b e t t e r  p o s i t i o n  t o  t e l l  
which step-by-step procedure f o r  the ind iv idua l  task-elements must be 
done and the manner and sequence i n  which t o  do them." Thus, the subject 
was allowed t o  perform the work i n  the manner he bel ieved t o  be the best. 

This compromise was considered t o  be a mistake, and the notes taken 
by the human engineering observer, the analysis o f  the f i l m s  o f  the tests, 
and comments and observations o f  the other  team members support h i s  
conclusion. The tes ts  were fraught w i t h  human error,  so much so t ha t  
f requent ly  it was impossible t o  separate the judgment e r r o r  o f  the 
subject from the hardware inadequacies. However, much was learned from the 
tes ts :  ins ights f o r  f u r t h e r  studies were noted, natura l  pos i t i ona l  
attempts were repeated over and over and noted,,and attempts by the subject t o  
overcome the negat ive aspects o f  the pressure s u i t  were q u i t e  obvious and 
were recorded. The l a t t e r  i s  very evident i n  the f i l m  analysis.  The 
outstanding observat ion i s  very simply tha t  the procedure used i n  these 
la rge  module tests- - the subject dev is ing h i s  own sequence--is desirable.  

Pu t t i ng  the observat ion p o s i t i v e l y  as an EVA guideline, " A l l  EVA 
tasks o f  e rec t ion  and assembly o f  la rge  modules requi re step-by-step 
procedures developed by water immers ion s imulat ion techniques us ing real  
hardware t o  prove the concept, develop the procedures, and provide the 
t r a i n i n g  necessary t o  assure the success o f  the erec t ion  i n  space." 
observat ion was a lso  made dur ing the maintenance test ,  but  i t s  most p o s i t i v e  
reinforcement came during the four  la rge  module tests.  

This 
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Antenna 

The use o f  the hardware fo r  the subject t o  p lace h i s  f e e t  upon dur ing 
the t e s t  o f  the antenna erection, although avai lable,  was not  as funct ional  
f o r  t h i s  task as dur ing the maintenance tests,  where the work spot was much 
more local ized.  Par t  o f  the consequences o f  the m o b i l i t y  required t o  get  
t o  the many work s ta t ions  on the antenna was tha t  the subject performed a 
large degree o f  the work o f  connecting the j o i n t s  and beams i n  a "onehanded" 
manner. This task was i n  real  i t y  a two-handed task (F igure 5 - 3 3 ) .  The 
subject developed and continued t o  develop special  adapt ive techniques t o  
perform the two-handed task-element w i t h  one hand (F igure 5 - 3 4 ) .  An 

.analysis o f  these innovations requires the use of  motion p i c t u r e  f i l m s  
where the same task-element can be looked a t  again and again and, i f  necessary, 
a t  reduced speed. Such techniques are t rue  work improvement innovations. 
They are the type o f  behavioral ins igh ts  discovered i n  p rac t i ce  and not the 
type that  are taught, since so much o f  the behavior depends on such subt le  
aspects a s  the d e x t e r i t y  o f  the subject, h i s  a t h l e t i c  a b i l i t y ,  the length o f  
neutra l  buoyancy exposure, and even pressure s u i t  f i t .  Two-handed task- 
elements t h a t  are performed i n  t h i s  t r i c k y  and subt le  way po in t  out the 
innovations the subject came up w i th  t o  perform the  work when the standard 
lineman's p o s i t i o n  o r  var ia t ions  thereof were not ava i l ab le  t o  him. 

The one-hand, two-hand, hold-on work was ass is ted by foo t  contact 
whenever the subject could ob ta in  i t  (F igure 5 - 3 4 ) .  
almost always necessary i n  order t o  apply forces. For example, the beams 
would f requent ly  b ind as they were placed i n  the connecting hole o f  the 
fastener, and the subject would have t o  exe r t  ex t ra  force, which required 
g e t t i n g  a p o s i t i o n  w i t h  an add i t iona l  leverage advantage over tha t  required 
when the j o i n t  d i d  not  bind. 
most  frequent approach used t o  solve t h i s  problem f o r  add i t iona l  leverage. 
When the f o o t  was used to gain s t a b i l i t y ,  the pos i t i on ing  was considered 
a two p o i n t  pos i t ion.  
po in ts  of  contact were, the more e f f e c t i v e  they seemed to be i n  p rov id ing  
the subject w i t h  the s t a b i l i t y  required. I t  was a lso  noted t h a t  i n  the 
ea r l y  maintenance tests, the f e e t  entered i n t o  the pos i t i on ing  and s t a b i l  i t y  
very l i t t l e ,  but  were used more and more as the subject gained experience 
i n  the neutra l  buoyancy simulation. 

Such contact was 

The foo t  used as a contact p o i n t  was the 

I t  was noted t h a t  the fu r the r  apar t  these pos i t i on ing  

The antenna conf igura t ion  l e n t  i t s e l f  t o  the use o f  the legs and fee t  
f o r  support. For example, the antenna boom was used as a locomotion aid, 
a type o f  cage res t ra in t ,  a steadying device, and a p lace t o  hook a foot  
o r  knee. The antenna d i sh  was used i n  the same manner but  had the disadvantages 
o f  being considerably more f l ex ib le ,  less stable, an3 occasional ly  coming 
apart  i f  the subject allowed too much force t o  be t rans fer red  t o  it. This 
tended t o  keep the subject " o f f '  the antenna dish, and he would work 
as much as possib le from the antenna boom o r  from the maintenance boom t o  
erec t  the antenna dish. 
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USING FOOT TO KEEP JOINT/BEAM CONNECTION 
TIGHT WHILE TIGHTENING THUMBSCREW 

F-7322 
USING HANDS TO KEEP JOINT/BEAM CONNECTION 

TIGHT WHILE TIGHTENING THUMBSCREW 

F i  g u r e  5-33 
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SUBJECT HOLDING HIMSELF IN POSITION 
AND WORKING AT THE SAME TIME 

F-7323 
SUBJECT USING ONE FOOT ON ANTENNA BOOM FOR STABILITY 

SUCH THAT BOTH HANDS ARE FREE TO PERFORM WORK 

F i  gu re 5-34 
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The fee t  were used t o  get  the second contact p o i n t  f o r  good pos i t i on-  
ing and s t a b i l i t y  i n  the assembly work. This was no t  noted o r  recorded dur ing 
the observat ion o f  the task a t  the t ime the tes ts  were being conducted, but  
came t o  1 i g h t  dur ing the f i l m  analysis.  The subject would use h i s  f o o t  t o  
hook under one o f  the joint/beam combinations t o  steady i t  and hold i t  i n  
place wh i l e  he worked on i t s  counterpart. This  p o s i t i o n  would g i ve  him 
s t a b i l i t y  t o  hold the joint/beam steady and keep i t  from coming apart. 
the same time, he was allowed t o  work w i t h  two hands on the  connection. 
i s  one more example o f  the f i n e  and sub t l e  types o f  work improvement t h a t  
took place dur ing the antenna assembly. 

A t  
This 

The subject used the end o f  the antenna d i sh  as a pos i t i on ing  s t a t i o n  
f o r  connecting the j o i n t s  and beams (F igure 5-55). 
ex is ted  f o r  the subjected i n  t h i s  pos i t ion :  the advantage o f  t rans fe r r i ng  
the forces r e s u l t i n g  from the subject 's  work along the long i tud ina l  ax is  
o f  the antenna dish, thus reducing the amount o f  "playl' imparted t o  the  
structure, the a b i l i t y  t o  use the wa is t  s t rap  r e s t r a i n t  by puching back 
against i t w i t h  the hands, the a b i l i t y  t o  move up and down a t  the end o f  
the antenna wi thout  changing the length o f  the s t rap  r e s t r a i n t  o r  connecting 
o r  disconnecting it, and the advantage o f  being able t o  approach the 
thumb screws o f  the j o i n t s  w i t h  the s ide approach o f  the arm. The l a t t e r  
seems t o  be a natura l  approach t o  work, and the subject has f requent ly  been 
observed favor ing t h i s  approach as opposed t o  a d i r e c t  f r o n t a l  movement o f  
the arm. Posi t ions assumed wh i l e  using the cage and foo t  r e s t r a i n t s  were, 
however, more funct ional  than the p o s i t i o n  a t  the end o f  the antenna. 

Several work advantages 

Permi t t ing  the subject the freedom t o  se lec t  the sequence o f  work t o  
assemble the antenna resul ted i n  a great loss o f  t ime because the subject 
studied the antenna t o  f i n d  ou t  what step would l o g i c a l l y  follow. The 
l o g i c  was o f ten  i n  e r r o r  and the subject had t o  rework some j o i n t  and 
beam connections. When the conf igura t ion  o f  the antenna d ish  was near 
completion, the subject found tha t  he had l e f t  ou t  three o f  the beams 
and one end o f  the antenna had t o  be disassembled and reassembled w i t h  the 
missing beams included i n  the s t ruc tu re  (F igure 5-36). I t  was concluded 
t h a t  the common sense workaday approach was i n e f f i c i e n t  i n  t ha t  an 
e r r o r  o f  e rec t ion  had been made tha t  was c o s t l y  i n  t i m e  and in the s t rength  
of the antenna s t ruc ture .  When the beams were riot f i r m l y  set  i n  place 
i n  a step-by-step development, the antenna became "sloppy" and would 
come apart  due t o  stresses from movements o f  the subject. The subject 
s tated t h a t  he could no t  assemble the antenna d ish  from the rear, yet  
the f i l m  shows the subject working from the rear, from the front,  from 
the end, on h i s  side, and even head down (Figures 5-36 and 5-37). 
Whether o r  not  these pos i t ions  are o f  equal performance leve l  i s  i n  t h i s  case 
unimportant. What i s  important i s  t h a t  the prejudgment o f  the task d i f f i c u l t y  
and the capabil i t y  o f  the subject t o  perform the tasks were not  necessari ly 
va l id .  T h i s  resu l ted  i n  frequent mistakes t h a t  could have been avoided. 
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F-7324 
SUBJECT WORKING AT ONE END OF THE ANTENNA DISH 

F igure 5-35 
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ANTENNA ASSEMBLED WITHOUT SOME OF THE REQUIRED BEAMS 

F-7325 SUBJECT ASSEMBLING ANTENNA FROM THE BACK S I D E  

Fi  g u r e  5-36 
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SUBJECT ASSEMBLING ANTENNA FROM THE FRONT S I D E  

F-7326 
SUBJECT TRAVERSING OVER TOP OF ANTENNA TO GET TO BACK S I D E  

F i g u r e  5-37 



The use o f  the  maintenance boom w i t h  a cross bar a t tached f o r  t he  
connect ing o f  t he  Gemini XI1 type o f  s t r ap  r e s t r a i n t s  was no t  as successful 
as t h a t  o f  the cage and f o o t  r e s t r a i n t .  
bar d i d  n o t  p rov ide  a sur face area l a r g e  enough for t h e  foot p o s i t i o n i n g  
necessary i n  the assumption o f  the lineman's pos i t i on .  Also, the  l eng th  
o f  the maintenance boom extending o u t  t o  the  face o f  the antenna prov ided 
a considerable amount o f  g i ve  and f l ex i ng .  Th is  caused more d i f f i c u l t y  
i n  assuming and ma in ta in ing  a good p o s i t i o n  when us ing  t h e  cross bar  
than when us ing t he  cage and f o o t  r e s t r a i n t s  (F igure  5-38). 
t o  t h i s  was when some o f  the  lower p a r t s  o f  the  antenna had to be reached. 
The sub jec t  had d i f f i c u l t y  g e t t i n g  to them to  per form the  work. 
i t  was necessary to  leave the  cage o r  t he  f o o t  r e s t r a i n t  to  ge t  to these 
lower work po in t s  (F igure  5-38). As a rule, the  sub jec t  found a way o f  
g e t t i n g  t o  the lower connections and s t i l l  u t i l i z e  the  r e s t r a i n t  i n  some 
manner to ho ld  h i s  f e e t  o r  legs and p rov ide  the  essen t i a l  second p o i n t  
o f  contact  t h a t  gave the  necessary s t a b i l i t y  to perform t h e  task. 

The boom w i t h  o n l y  the  cross 

The except ion 

On occasions, 

Travers ing 

When the  subject  moved any distances i n  excess o f  6 f t  us ing  the  antenna 
face as h i s  locmotion aid,  he t raversed nea r l y  as we l l  as he d i d  when 
t r a v e r s i n g  l i k e  distances us ing  the  r i g i d  type o f  locomotion a ids.  I t  seems 
reasonable t o  assume t h a t  spec ia l  locomotion a i d s  on open beam-type s t ruc tu res  
w i l l  not  be requi red i n  EVA.  The maintenance boom, the  antenna boom, and t h e  
antenna face were a l l  e f f e c t i v e  locomotion a ids (F igure  5-39). The des i rab le  
c h a r a c t e r i s t i c  f o r  locomotion a ids  appears t o  be r i g i d i t y  and lack o f  p ro t ru-  
sions f o r  catch ing the  as t ronau t ' s  pressure s u i t  and the many ob jec t s  a t tached 
t o  i t. Dur ing t ravers ing,  the subject  was f r equen t l y  stopped by any pro-  
t r u s i o n  t h a t  could ca tch  the  s u i t .  Th is  i s  a very ser ious problem, and the 
nature o f  
i nc rea se . 
t e s t s  a re  
stated.  

a. 

b. 

C. 

i t  i s  such t h a t  as t he  t o t a l  system develops, the  problem tends t o  

included as a b r i e f  summary o f  the important observat ions p rev ious l y  
Notes taken from ana lys is  o f  the  f i l m s  o f  the antenna assembly 

Notes from the  Antenna F i  l m  

Considerable amount o f  t ime was wasted by t h e  subject  t r y i n g  t o  
f i g u r e  out  how t o  put  the antenna together.  

The f i l m  does not  show any d i f fe rence  i n  the a b i l i t y  o f  the subject  
t o  operate t h e  thumb screws from e i t h e r  the f r o n t  o r  t he  back o f  
the  antenna. 

The work done on the antenna d i s h  w i thou t  the f o o t  o r  the cage 
r e s t r a i n t  was done ( t o  a large p a r t )  by us ing  var ious one- and 
two-hand techniques. The t r i c k  i s  t o  do work and ho ld  on a t  the 
same t ime. 



"GOOD" WORK POSITION USING STRAP-FOOT RESTRAINT 

F-7327 
SUBJECT LEAVING STRAP-FOOT RESTRAINT 
TO WORK ON LOWER SECTION OF ANTENNA 

Fi gure 5-38 



SUBJECT USING ONE HAND ANTENNA BOOM TO TRAVERSE 

F-7328 
SUBJECT USING ONE HAND ON MAINTENANCE BOOM TO TRAVERSE 

Figure 5-39 
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d. 

e. 

f. 

9. 

h. 

i. 

When the  subject  worked from the f r o n t  o f  t h e  antenna, o r  from t h e  
end o f  it, he seemed t o  use the na tu ra l  mot ion o f  the  s u i t ' s  arm t o  
come i n  sideways t o  t h e  thumb screw. 

New connect ing snaps a re  needed on the  s t r a p  r e s t r a i n t s  i n  any 
f u r t h e r  t es t i ng .  The s t raps  should be s t i f f e r .  

The subject  discovered some ra ther  unique uses o f  h i s  f oo t  t o  he lp  
ho ld  t h e  antenna together  w h i l e  he worked on i t. The foo t  i n  e f f e c t  
became a " t h i r d  hand." 

The subject  c l imb ing  about the  antenna and the  antenna boom by us ing  
h i s  hands was e f f e c t i v e  t ravers ing .  

P u l l i n g  on an attachment a t  the wa is t  i s  no t  a very s tab le  locomotion 
means. 

Connections f o r  good r e s t r a i n t s  on the equipment being worked on i s  
mandatory f o r  good EVA performance. 

FOLDING PANELS (ANTENNA FACE) 

This  t e s t  was an outs tanding example o f  the necess i ty  o f  preestab l ished 
step-by-ste- work procedures be ing used f o r  EVA s imulat ion.  
EVA s imulat ion,  f o r  EVA t r a i n i ng ,  and consequently f o r  t r a n s f e r  t o  EVA 
i n  space. 

I t  i s  a must for 

Pro t rud ing  from each j o i n t  o f  the antenna face was a I - i n .  wood dowel 
w i t h  an exposed length o f  approximately 2 in.  These dowels were t he  connect ing 
p o i n t s  f o r  t he  panels. 
over  t h i s  dowel so t h a t  t he  tens ion would ho ld  t he  panel i n  p lace  (F igure  5-40). 
The panel was t r i a n g u l a r  and the  same shape as the  antenna's t r i a n g u l a r  con- 
f i g u r a t i o n .  
over t h e  dowel. 
The surface o f  t h e  panel t o  be placed on t h e  exposed f r o n t  o f  t he  antenna d i s h  
was i d e n t i f i e d  by a small b lock  o f  p l a s t i c  foam placed there  t o  make the panel 
n e u t r a l l y  buoyant. 
r e a d i l y  d i s t i n g u i s h  which sur face o f  the  panels t o  p lace on the antenna face. 
The prepared procedures depic ted the  task-elements o f  t h e  assembly, i nc l ud i  ng 
two drawings showing the panels i n  place. Th is  procedure, as def ined by the 
task sequence, was then tes ted  a t  one g and found workable. 
t es ted  i n  water immersion by scuba d i ve rs  and found workable. 

The connect ion cons is ted o f  p l a c i n g  an e l a s t i c  cord 

A t  each corner o f  the panel was an e l a s t i c  co rd  t o  be s l ipped  
Four panels were fo lded  together i n  an accordion fashion.  

I t  was be l ieved t h a t  i n  thi.5 manner t h e  subject  cou ld  

I t  was then 

The es tab l  ished procedures were not fo l lowed by t he  t e s t  sub ject .  
The t es t s  f o r  t he  f o l d i n g  panels were performed on two consecut ive days, 
and there appeared to be 1 i t t l e  o r  no improvement i n  the  performance l eve l  
o f  the subject .  The human engineer ing observer f o r  these t e s t s  be l ieves 
t h a t  the sub jec t  d i d  n o t  make an adequate at tempt to l ea rn  o r  understand 
the  simple task  procedures before or dur ing  t he  t es t s .  The f a c t  t h a t  a 
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F-7329 SUBJECT PLACING PANELS ON ANTENNA FACE 

F i  g u r e  5-40 
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scuba d iver  could s w i m  over t o  the antenna dur ing the test,  and i n  a 
matter o f  seconds p o s i t i o n  the f o l d i n g  panels f o r  attachment t o  the 
antenna face, d i d  not  apparently in f luence the subject 's  mot ivat ional  
set  f o r  learn ing o r  improving h i s  performance i n  the task. 

I' r 
The use o f  the e l a s t i c  cord as a hinging mechanism as w e l l  

as connecting points  f o r  a t taching the panels t o  the face o f  the antenna 
proved unsat is factory.  The hinging should be metal, a l low ing  movement 
i n  two d i rec t ions  only. Alignment would then be s i m p l i f i e d  by the panels 
tendency t o  center themselves a f t e r  the f i r s t  connection has been made. 
The fastener problem associated w i t h  the panel app l i ca t i on  t o  the  antenna 
d i d  not lend i t s e l f  t o  a simple so lut ion.  As the connections between the 
panels ex is ted  f o r  the test, they were f a r  too f l ex ib le ,  and the freedom 
they possessed t o  move i n  any d i r e c t i o n  complicated the assembly task 
cons iderably. The p rac t i ce  o f  the subject  t o  " throw" the package ou t  
away from himself  wh i l e  ho ld ing  on t o  one end o f  a panel and thus be 
able t o  see and examine i t  was a compl icat ion t h a t  was unnecessary and 
compounded the problem o f  panel placement f o r  attachment (F igure 5-41 ). 

Further t e s t i n g  i s  obviously required o f  larger  panels attached by 
hinge mechanisms, and i t  would be desi rable i f  a lock ing mechanism was 
included t o  place the panels a t  the desired angle and e l im ina te  the  tendency 
o f  such st ructures t o  col lapse. Two-, three-, and four-sided panel s t ructures 
should be used. The t e s t s  showed, however, tha t  small panels i n  packages o f  
four could be attached, manipulated, and successfu l ly  used i n  the water 
immersion s imulat ion technique. I t  a l so  re inforced the e a r l i e r  observations 
tha t  fasteners f o r  EVA have every i nd i ca t i on  o f  being a major problem area. 

There were many unrestrained work attempts i n  t h i s  test .  Since the 
r e s t r a i n t s  provided were i den t i ca l  t o  those used for  the assembly of  the 
antenna, t h i s  d i f fe rence i s  a t t r i b u t e d  t o  the nature o f  the work being 
performed or, t o  put  i t  another way, caused by the change i n  the  hardware 
being manipluated by the subject. 
as handled by the subject provided a much la rger  surafce area than had 
p r i o r  tasks and the coupl ing used made i t  very d i f f i c u l t  t o  manage. 
subject, in  attempting t o  manipulate the panels, was " required" t o  use 
more m o b i l i t y  w i t h i n  the task sequence o f  connecting the four panels then 
i n  p r i o r  tasks. To get  the required mob i l i t y ,  he would of ten "break" f ree 
o f  the secondary contact point, which was usua l l y  a t  the foot (F igure 7A-42). 
The foo t  was f requent ly  used as a p i v o t i n g  point, a l lowing the upper torso 
t o  swing i n  a rather  la rge  arc. 
r e s t r a i n t .  The reason f o r  t h i s  seemed t o  be t h a t  the p i v o t i n g  p o i n t  o f  
the foo t  could be moved about w i t h i n  the cage. That is, the f o o t  could 
be hooked o r  held i n  place a t  several d i f f e r e n t  l eve l s  and a t  d i f f e r e n t  
depths w i t h i n  the cage i n  reference t o  the  p i v o t i n g  p o i n t  o f  the body's arc. 
This gave the "work" a rc  greater  range and f l e x i b i l i t y .  
work arc could no t  be obtained as we l l  w i t h  the foo t  r e s t r a i n t  s ince there 
were on l y  the two s t i r r u p s  f o r  connecting po in ts  from which the f o o t  could 
be used as a p i v o t  po in t .  I t  was d i f f i c u l t  fo r  the subject  t o  maintain t h i s  
p o s i t i o n  because much moving about was required t o  ge t  the panels posi t ioned 
for  connecting. A t  such time, the subject  would o f t e n  " f l o a t "  free, having 
no connection other  than h i s  wa is t  s t rap  wh i l e  seeking a second connection 

One explanat ion i s  t h a t  the four  panels 

The 

This technique worked best from the cage 

The range o f  the 
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w i t h  h i s  f e e t  or one o f  h i s  hands, 
very 1 i t t l e  assembly work was accompl ished by the subject. 
o f  t h i s  f ree- f l oa t i ng  t ime was spent seeking some k ind  of  secondary contact 
p o i n t  t o  provide pos i t i ona l  s t a b i l i t y .  Other than t h i s  deviation, the  
pos i t i on ing  and s t a b i l i t y  dynamics o f  the  work p o s i t i o n  d i d  not  a l t e r  
observably from those found and discussed f o r  the tes ts  conducted up t o  
t h i s  time. For example, the var ia t ions  o f  the lineman's p o s i t i o n  
were used w i t h  both the cage and foo t  res t ra in t .  The con t ro l l ed  f a l l i n g  
t h a t  the subject  had used i n  the cage was again observed, as w e l l  as the 
spread-leg type o f  p o s i t i o n  and, o f  course, the sub jec t ' s  ho ld ing  on w i t h  
one hand wh i l e  working w i t h  the other.  

When t h i s  l a t t e r  cond i t ion  existed, 
The m a j o r i t y  

The o n l y  too l  required f o r  t h i s  t e s t  was the use o f  the A l l e n  wrench 
t o  release the maintenance boom lock ing b o l t .  
t h i s  task was sa t is fac tory .  

The subject 's  performance o f  
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Notes From Panel F i l m  

Notes taken from the analys is  o f  the f i l m s  are as fol lows: 

The subject 's  performance i s  b e t t e r  in each t e s t  conducted in 
respect to  the sway and bounce o f  the f o o t  and cage r e s t r a i n t  
attached t o  the f a r  end o f  the maintenance boom. 

Two handed locomotion along such objects  as the antenna d i sh  
work very we1 1, However, i f  a change o f  d i r e c t i o n  i s  required, 
as from the s ide  o f  the r i g i d  pole t o  the top, the subject  handles 
the bounce by delaying t ravers ing u n t i l  the motion has dampened 
ou t  9 

Visual cues and co lo r  codes should be used on assembly and 
erec t ion  hardware t o  a s s i s t  the  worker in h i s  tasks. 

I n  t h i s  type o f  work, r e s t r a i n t s  may hinder the EVA worker by 
g e t t i n g  i n  the way o f  h i s  work. The more mobil i t y  t h a t  i s  
required o f  the worker, the more tha t  t h i s  contingency i s  ap t  
t o  be a hindering factor .  

I 

The d i f f i c u l t y  noted i n  the records o f  the subject 's  t roub le  i n  
pos i t i on ing  and o r i e n t i n g  the  panels t o  the antenna d ish  i s  
no t  a product o f  the task sequencing, bu t  a separate problem 
o f  mot ivat ion and subject contro l .  

TWO LARGE R I G I D  MODULES 

I n  the erec t ion  and assembly of  the two large r i g i d  modules a t  one-g, 
conducted t o  es tab l i sh  the task procedures and sequencing, i t  was evident 
t ha t  the  hardware f o r  t h i s  e rec t ion  was no t  adequately designed t o  provide 
the type o f  e rec t ion  essent ia l  t o  the simulation. 
t ha t  were obviously going t o  i n t e r f e r e  w i t h  the tes t .  F i r s t ,  the module, 
when bo l ted  together, was no t  going t o  provide the r i g i d i t y  necessary f o r  
"good' EVA simulat ion. From the p r i o r  la rge  module tests, the r i g i d i t y  
problem had been observed and found t o  be o f  considerable importance t o  
the s imulat ion technique. I t  appears mandatory, a t  l eas t  for  water immersion 
simulation, t h a t  the connections and j o i n i n g  techniques used on the 
s imulat ion hardware be made i n  such a manner t h a t  they are  f i r m  and t i g h t  
wi thout  p lay  and f l e x i n g  a t  the connection. 
lacked the required r i g i d i t y .  
t ha t  fastening, holding, and clamping were exceedingly d i f f i c u l t  tasks 
t o  perform i n  the n e u t r a l l y  buoyant s imulat ion mode. 
i n  the  assembly had already proven d i f f i c u l t  t o  work w i t h .  

Two major f a u l t s  ex is ted  

The erected la rge  r i g i d  modules 
Secondly, i t  was now known from p r i o r  tes ts  

The fasteners used 
I n  addit ion, 
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t h e i r  placement on the supporting s t ruc tu re  o f  the module was such tha t  
they were p r a c t i c a l l y  inaccessable t o  the pressur ized glove o f  the subject. 
The feedback problem i d e n t i f i e d  i n  the ea r l  i e r  t es ts  f o r  the bol t -wrench 
contact was obviously  going t o  be a problem. 

The subject had a gread deal o f  d i f f i c u l t y  f i nd ing  a too l  t ha t  would 
permit him t o  g r i p  the b o l t  heads (which were very close t o  the ins ide o f  
the angle o f  the panel 's s t r u c t u r a l  member) and a t  the same time l e t  h i s  
hand be f a r  enough from the panel 's surface so t h a t  he could tu rn  h i s  
wrench. A ra tchet  w i t h  a long extension seemed best, but  even t h i s  l ed  
t o  problems; the wrench s l  ipped o f f  the b o l t  head and the hand had t roub le  
tu rn ing  the wrench because o f  contact w i t h  the panels surface (Figure 5-43). 
I n  addit ion, the length of  the extension increased the problem the subject 
had w i t h  the lack  o f  k ines the t i c  feedback o f  the ac t i on  o f  the b o l t  head 
inside the wrench. 
iness required t o  make bolt-wrench contact (F igure  5-43). A l l  o f  these 
problems resul ted i n  the subject having great d i f f i c u l t y  in  s t a r t i n g  
on ly  a few o f  the b o l t s  i n  the capt ive nuts. 
a diver, a f t e r  which the subject t ightened them. 

The subject a lso  had a problem w i t h  the  arm-hand stead- 

Many had t o  be s ta r ted  by 

A second problem i n  p u t t i n g  the sections together was tha t  o f  running 
ou t  o f  hands (Figure 5-44). The subject had d i f f i c u l t y  contro l1 ing the 
p o s i t i o n  o f  the second panel so tha t  he could a l i g n  i t  w i t h  the sect ion he 
was hooking onto. With a d i f f e ren t  b o l t  location, large angle members, 
and possib ly  a be t te r  tool ,  the subject could have s ta r ted  the b o l t s  w i t h  
the hand t h a t  was no t  a1 igning the panel. The r e s t r a i n t  setup, however, 
was such t h a t  the subject had t o  use one hand t o  change h i s  r e s t r a i n t  wh i l e  
he was s t i l l  t r y i n g  t o  s t a r t  a new panel. The e n t i r e  t e s t  made s a l i e n t  
the need f o r  be t te r  hardware. 
on the panels so t h a t  they could be con t ro l l ed  e a s i l y  by hand, panels and 
fasteners strong enough t o  support the worker from res t ra  i n t s  hooked t o  
the module he i s  bu i ld ing,  and some developmental work w i t h  capt ive b o l t s  
and screws (Figures 5-44 and 5-45). 

The capt ive b o l t s  were indispensible i n  t h a t  the j o b  could not  have 

Some possib le improvements could be handles 

been performed wi thout  them. 
from the panel i n  such a mann'er t h a t  made i t  hard t o  a l i g n  a p a i r  o f  panels 
and clamp them. 
With the pressurized gloves o f  the  s u i t  i t  was even more d i f f i c u l t .  

However, they had the drawback o f  p ro jec t i ng  

The capt ive nuts were hard t o  s t a r t  even f o r  the divers. 

Wi th the subject i n  the b i r d  cage, a b e t t e r  res t ra in t ,  he s t i l l  could 
Leg pos i t ions  i n  the  b i r d  cage var ied considerably as not  s t a r t  the bo l ts .  

he worked. The freedom t o  rearrange h i s  legs gave him cont ro l  over h i s  
reach, work posi t ion,  and the amount o f  weight he could take on an arm. 
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SUBJECT USING RATCHET TO HELP AVOID HAND CONTACT WITH SECTION 

F-7332 
BOLT/WRENCH CONTACT D I F F I C U L T Y  

Figure 5-43 
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SUBJECT OUT OF CONTROL WITH SECTION IN HAND 

F-7333 THUMB AND FINGER GRIP ON PANEL DURING ONE HANDED TRAVERSING 

Figure 5-44 
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F-7334 SUBJECT USING "?' RESTRAINT RATHER THAN 
CONNECTING RESTRAINT TO MODULE 

F i  g u r e  5-45 
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The subject  used the T-bar r e s t r a i n t  a t  h i s  own e lect ion.  Once 
he was res t ra  lned, the subject managed to  p u l l  the two modules together and 
s t a r t  bo th  b o l t s  ( f i gu re  5-46). Before the subject go t  the f i r s t  b o l t  
started, the observer had t o  i n t e r f e r e  t o  get h i m  t o  t i gh ten  up the module. 

A f te r  the subject t ightened several b o l t s  on the opposite side o f  the 
r i g i d  modules, the d ivers  t ightened those t h a t  remained. The l a s t  b o l t  was 
t ightened by the subject (Figure 5-46) a f t e r  he had rotated the module 180 deg. 
One notable item was the subject 's  use o f  one o f  h i s  r e s t r a i n t  connectors as  a 
t r o l l e y  t o  r i d e  on the rope. 

The fastening problem tha t  ex is ted  f o r  t h i s  t e s t  was a major one, The 
observations made on the d i f f i c u l t y  the subject had w i t h  small b o l t s  sizes 
were supported conclus ive ly  i n  t h i s  t e s t  (Figure 5-47). The handicap o f  the 
s u i t  was a constant d i f f i c u l t y  the subject had t o  overcome. The numerous 
in te rac t ions  o f  fasteners, sui t ,  res t ra in ts ,  and procedures accumulated i n t o  
t a s k  d i f f i c u l t i e s ,  making the performance o f  the subject i n e f f i c i e n t .  

I t  i s  be l  ieved, however, t h a t  had t i m e  and cost allowed a redesign 
of the hardware, a procedure coul d have been es tab1 i s  hed t h a t  woul d have 
allowed the subject  t o  e rec t  the modules wi thout  as much d i f f i c u l t y .  

The above observations, a1 though negat ive i n  nature, were made 
throughout the tests .  They have no t  i d e n t i f i e d  impossible tasks, but 
tasks t h a t  should be performed i n  a s p e c i f i c  behavioral sequence w i t h i n  
an appropr ia te ly  designed man-machine in ter face.  The problem posed i s  
no t  one o f  el iminat ing impossible task requirements, bu t  one o f  assuring 
t h a t  the tasks can be performed successfu l ly  by prov id ing  the hardware, 
procedures, and t r a i n  ing necessary t o  assure miss ion success. 

INFLATABLE MODULE 

Since the step-by-step task sequences establ  ished f o r  the la rge  
module t e s t s  had f a i l e d  t o  produce the desired resul ts,  i t  was decided t h a t  
a generalized concept f o r  e rec t i on  would be establ ished and depicted for  
the subject by a ser ies o f  elementary drawings i l l u s t r a t i n g  the erec t ion  
procedure in various stages o f  assembly. P r i o r  t o  the actual  e rec t ion  
by the pressure su i ted  subject  in  the neut ra l  buoyant state, t he  erec t ion  
was performed by scuba divers. 
tests, bu t  was al lowed t o  observe them through the observat ion p o r t  and 
make procedural changes he bel  ieved necessary. 
and panel app l i ca t i on  t o  the antenna, the subject was allowed t o  set  the 
sequence for the  erect ion. 
were done p r i m a r i l y  t o  show by"doing"  and provide the subject w i t h  an 
oppor tun i ty  t o  p a r t i c i p a t e  p r i o r  t o  the actual  t e s t  condit ion. This 
p a r t i c i p a t i o n  of  the subject  was t o  take advantage o f  h i s  c rea t i ve  c r i t i c a l  
con t r i bu t i on  t o  the procedure and t o  prov ide a mot ivat ional  f ac to r  from 
h i s  pa r t i c i pa t i on .  

The subject d i d  no t  p a r t i c i p a t e  i n  these 

As i n  the antenna erec t ion  

The schematic drawlngs and the p r i o r  e rec t ion  
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SUBJECT CONNECTING TWO MODULES TOGETHER 

F-7335 
SUBJECT USING OPEN END WRENCH TO TIGHTEN BOLT 

Figure 5-46 
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SUBJECT USING THUMB AN0 FOREFINGER TO START BOLT 

F-7336 
SUBJECT CLAMPING TWO SECTIONS TOGETHER PRIOR TO TIGHTENING BOLTS 

Figure 5-47 
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The t e s t  o r i e n t a t i o n  was t o  leave the assembly procedures t o  the sub- 
jec t ,  and f o r  the  t e s t  team t o  p a r t i c i p a t e  as l i t t l e  as possible, This 
procedure d i d  no t  work well,  and the  human engineering observer found it 
necessary t o  d i r e c t  the subject in  the step-by-step task-elements o f  work 
necessary t o  b r i n g  about the f i n a l  assembly o f  the modules. 

Short distances traversed by the subject dur ing t h i s  t e s t  were t o  
a la rge  extent performed by the "crab" locomotion movements. 
espec ia l l y  t r u e  when the subject had objects  o f  the module in  h i s  hand. 
I t  was observed t h a t  there was no necessi ty f o r  the subject  t o  have h i s  
fee t  and torso i n  any p a r t i c u l a r  o r i e n t a t i o n  t o  use t h i s  locomotion 
method. I t  i s  bel ieved by the observer t h a t  the frequent use o f  the "crab" 
t ravers ing  technique i s  a t  l eas t  p a r t i a l l y  brought about t o  keep the body 
away from the hardware tha t  i s  being used f o r  locomotion t o  prevent 
catching the s u i t  on it. For example, when the subject had objects  i n  
h i s  hand, he seemed t o  move and p o s i t i o n  t h a t  hand w i t h  more de l i be ra t i on  
to assure himself  t h a t  it would no t  hang up. 

This was 

The ladder-locomotion a i d  was placed along the maintenance boom from 
the mockup t o  provide the subject w i t h  as many a t tach ing  po in ts  as possib le 
f o r  h i s  legs and feet, and thus g i ve  him a greater degree o f  freedom t o  
use both hands. However, i t  was a f u l l  16 min i n t o  the t e s t  before 
the subject  u t i 1  ized the ladder- locomotion a i d  i n  the res t ra in ing  
manner expected. Instead, the subject seemed t o  p re fe r  t o  connect h i s  
wa is t  s t rap  to a ladder rung and use t h i s  as a p i v o t i n g  p o i n t  t o  tu rn  
about i n  various posi t ions.  The change o f  p o s i t i o n  was ca r r i ed  ou t  by 
forces ap 1 ied mainly on the f ree  f l o a t i n g  i n f l a t a b l e  modules ( i n f l a t e d  a t  
t h i s  t ime P . This technique by the  subject was a sudden s h i f t  o f  pos i t i on ing  
technique from what had been developing progress ive ly  throughout the tests.  
The subject had sought to use h i s  feet and legs t o  a s s i s t  h i m  more and 
more throughout the program, and now, i n  the  l a s t  t e s t  where a special  
e f f o r t  was made t o  provide the f e e t  and legs w i t h  an ob jec t  very adaptable 
t o  f o o t  and l e g  contact, i t  was ignored and o n l y  used i n  a l i m i t e d  degree. 
No observations were made t h a t  can f u l l y  expla in t h i s  change i n  pos i t i on ing  
technique. The observer noted t h a t  when the subject  d i d  use the ladder 
fo r  a second p o i n t  o f  contact f o r  posi t ioning, i t  worked very we1 1. On 
the o ther  hand, w i thout  the second po in t  o f  contact the subject assumed 
a type of f ree- f l oa t i ng  p o s i t i o n  above the locomotion aid.  
f l o a t i n g  p o s i t i o n  added 1 i t t l e  t o  h is c a p a b i l i t y  t o  perform the work o f  the 
t e s t  . 

This free- 

The subject o f t e n  dropped unattached hardware, which was re t r ieved by 
the  divers. 
mater ia ls  t h a t  were unattached. 
e f f e c t  o f  the water environment kept the subject f a i r l y  we l l  pos i t ioned 
i n  one area--an obvious shortcoming o f  the simulat ion. 

A t  one time, the subject was working wh i l e  unrestrained w i t h  
I t  appeared t h a t  the drag and damping 
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The subject  had t roub le  handling and manipulating the connecting 
rods f o r  the two i n f l a t a b l e  modules. This was a t t r i b u t e d  t o  the lack  
o f  t rue  neut ra l  buoyance f o r  the rods, t h e i r  weight making the subject 
negative i n  buoyancy whenever he had one o f  them i n  hand. As has been 
prev iously  stated, a l l  equipment used must be n e u t r a l l y  buoyant t o  have 
v a l i d  simulation. 

L i s ted  below are  noted observations from an analys is  o f  the f i l m s  taken 
dur ing the la rge  i n f l a t a b l e  module erec t ion  tests.  

F i l m  Notes f o r  I n f l a t a b l e  Module Test 

a. The fo lded packages o f  the i n f l a t a b l e  module, approximately 
I in. x I 1/2 in. x 1/2 in., was moved through the water w i t h  
ease by the subject. There was no observable evidence o f  
drag hampering the subject wh i l e  t ravers ing  w i t h  the packages. 

b. Since the subject e lected t o  do much o f  h i s  work wi thout  using 
a second p o i n t  o f  contact, such as a f o o t  o r  l eg  i n  the ladder, 
he was forced t o  do much o f  h i s  work one handed. The nature o f  
the mater ia ls  and hardware d i d  no t  lend themselves t o  t h i s  one- 
handed appl icat ion, and the subject had more d i f f i c u l t y  performing 
h i s  work throughout the t e s t  than was necessary. 

C. The subject used the technique of  throwing the i n f l a t a b l e  modules 
ou t  away from himself t o  un fo ld  them j u s t  as he had used w i t h  the 
fo ld ing  panels, and i t  worked no be t te r  for  the in f la tab les  than 
i t  d i d  f o r  the panels. Such a technique may be s a t i s f a c t o r y  f o r  
actual  space work, but i t  i s  not  appl icable t o  water environment. 

d. When the  subject  i s  required t o  move and repos i t ion  h i s  wais t  
res t ra in t ,  much time i s  l o s t  due t o  the type o f  connectors used 
and the  extreme f l e x i b i l i t y  o f  the s t rap  i t s e l f .  

e .  The t roub le  compensating f o r  the l i m i t e d  and d i s t o r t e d  v isua l  
f i e l d  wh i l e  under water dur ing the maintenance tes ts  was o f  
even greater  s ign i f i cance  dur ing the large module tests.  I t  
i s  assumed t h a t  t h i s  i s  p a r t i a l l y  due t o  the d i f f i c u l t y  the subject 
had i n  not  being able t o  observe h is  work from a distance as i t  
progressed. 

f. As i n  the p r i o r  tests, there was a considerable amount o f  boom 
act ion. The subject adapted t o  t h i s  very we l l .  

g. I f  s i m i l a r  i n f l a t a b l e  modules are used i n  fu tu re  test ing, an 
attempt should be made t o  use the i n f l a t i o n  o f  the modules as 
a p a r t i a l  means of  pos i t i on ing  the modules as they are being 
in f la ted .  
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h. Since a l l  locomotion devices seem t o  work reasonably well,  the 
guide r u l e  f o r  se lec t ion  should be one o f  simp1 i c i t y .  

i. Carrying packages i n  one hand wh i l e  t ravers ing  i s  an uneconomical 
way o f  performing work i n  the water immersion simulation, and an 
e f f o r t  should be undertaken t o  co r rec t  t h i s  by prov id ing a t tach ing  
po in ts  t o  the s u i t  o r  o ther  su i tab le  means f o r  t ranspor t ing 
mater ia ls  i n  a manual manner. 

GENERAL COMMENTS ON THE LARGE MODULES 

For the tes ts  o f  the large module erec t ion  and assembly, one o f  the 
f a u l t s  w i t h  a l l  o f  the  hardware was tha t  the connecting po in ts  i n  the 
assembly d i d  no t  provide a r i g i d  j o i n t .  The j o in t s ,  connections, assembling 
points, and fastenings i n  each modular conf igura t ion  had some degree o f  
f l e x i b i l i t y .  As the assembly o f  the module progressed, these connecting 
po in ts  would compound the t o t a l  "play" o r  g ive  i n  the module. This lack 
o f  r i g i d i t y  would prevent the subject assembling the modules from working 
t o  the "best" o f  h i s  a b i l i t y .  The work requi red t o  overcome these 
hardware f a u l t s  consumed much o f  the subject 's  t ime and energy. I t  has 
been pointed o u t  repeatedly tha t  the fastening problem i d e n t i f i e d  i n  t h i s  
study e f f o r t  i s  one o f  paramount s ign i f icance.  I t  i s  o f  equal importance, 
i n  respect t o  water immersion neut ra l  buoyancy s imulation, t ha t  the 
hardware used dur ing these large tes ts  r e a l i s t i c a l l y  represent the 
conf igurat ion they are t o  depic t  i f  the dynamics being sought are t o  
be observed and isolated. 

The obvious and pr imary observation t o  be made from the t o t a l i t y  
o f  the large modular tes ts  seems t o  be t h a t  the m o b i l i t y  required o f  the 
worker t o  move about the modules t o  the various work s ta t i ons  i s  possib le 
Also, the types o f  modules tested a l l  appeared t o  be feas ib le  concepts 
from the  resu l t s  o f  the simulat ion used. The study e f f o r t  showed 
tha t  EVA concepts can be tested i n  t h i s  manner. I t  i s  concluded 
t h a t  the t e s t i n g  must be conducted w i t h  rea l  o r  as representat ive 
hardware as possible. Hardware inadequacies tend t o  inval  idate the tes ts  
t o  the p o i n t  t h a t  i t  i s  o f ten  impossible t o  i so la te  the subject 's  work 
c a p a b i l i t i e s  and l im i ta t i ons .  Because o f  th is,  f i r m  conclusions and 
observations f requent ly  cannot be made where several components o f  hardware 
i n te rac t  simultaneously. This l i m i t a t i o n  has i n  e f f e c t  been a boundary 
t h a t  has resul ted i n  s e t t i n g  the stage fo r  an appropr iate t e s t  methodology 
t o  ob ta in  the i s o l a t i o n  o f  the var iab les necessary t o  assure an acceptable 
degree o f  confidence i n  the observations o f  the man-machine dynamics. 
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SUSPENSION SIMULATION, MAINTENANCE TESTS 

The task sequence selected f o r  t h i s  t e s t  was a composite from the 
easy, d i f f i c u l t ,  and hard tes ts  o f  the water immersion tests.  This 
procedure was used s ince the tes ts  a l l  include a considerable amount o f  
t ravers ing. The s imulat ion by suspension makes t ravers ing, due t o  hardware 
interference, almost an impossible task. I t  was bel ieved t h a t  l i t t l e  
could be learned from the t ravers ing  i n  t h i s  t e s t  mode,and a great  amount 
o f  valuable time would be l o s t  i f  locomotion condit ions were kept i n  the 
t e s t  format. 
t e s t  t o  include a l l  three t e s t  leve ls  i n  one sequence o f  tasks. 

The decision t o  e l im ina te  these from the tes ts  permi t ted the 

The p i v o t i n g  o f  the subject  on the f i r s t  two gimbals o f  the s imulator  
were fa r  from a t r u e  s imulat ion o f  weightlessness. 
weightlessness from the Gemini program show the astronauts moving w i t h  a 
c e r t a i n  f low and a p r e d i c t i o n  o f  movement and recovery. This aspect 
a lso  i s  evident i n  water immersion simulat ion. This cond i t ion  d i d  not  
e x i s t  i n  the suspension simulation. I n  the balanced cond i t ion  the subject 
would tend t o  p i v o t  the ins tan t  he moved one o f  h i s  limbs. This was 
espec ia l l y  not iceable i n  the forward reaching motion. The subject would 
counter the  t i p p i n g  forward by pushing back from the mockup w i t h  h i s  
hands. He could work w i t h  h i s  hands i n  the mockup by g i v ing  himself  l i t t l e  
shoves w i t h  thebacksof  h i s  hands t o  keep a rocking motion going tha t  
tended t o  keep him i n  pos i t ion .  The subject a lso  re1 ied on the technique 
o f  holding on w i t h  one hand and working w i t h  the o ther  hand when possible. 
The conf igura t ion  of  the suspension s imulat ion hardware allowed the subject 
to place one foo t  up on the hand r a i l  o f  the mockup. This second po in t  o f  
contact o f t e n  provided enough s t a b i l i t y  f o r  him t o  perform the task. 
some occasions 
When t h i s  happened, the subject would genera l ly  go t o  a less desi rable 
posi t ion, such as p lac ing  h i s  head ins ide the top edge o f  the mockup 
opening and p lac ing  tension on the f r o n t  o f  the mockup w i t h  h i s  toe. 
The "breaking" o f  these pos i t ions  was always sudden and sometimes almost 
v io lent ,  due t o  the tendency o f  the subject  t o  p i v o t  on the gimbal. The 
p i v o t i n g  o f  the subject from h i s  center o f  g r a v i t y  was so sudden i n  the 
l e f t  and r i g h t  and the forward and backward motions t h a t  they resembled 
fa1 1 ing. 

Motion p ic tu res  o f  

On 
the subject  could no t  perform the work when i n  t h i s  pos i t ion .  

The basic  conclusion t h a t  can be drawn i n  comparing the suspension 
s imulat ion w i t h  the water immersion s imulat ion i s  t h a t  the suspension 
s imulat ion s tate- of- the- ar t  hardware does not  appear t o  g ive  near ly  as 
real  i s t i c  a " p ic ture"  o f  weightlessness as does water immersion. This 
conclusion i s  i n  reference t o  tasks, work, and motion aspects. The in- 
place technique used by suspension Simulation f o r  s p e c i f i c  tasks repeated 
over and over i n  a simple manner i s  an exce l len t  technique f o r  ob ta in ing  
energy expenditure data. I t  i s  obvious t h a t  suspension s imulat ion 
i s  not  appropr iate f o r  the study of the motion dynamics involved i n  EVA 
work. 
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The sub jec t  performed e i g h t  tasks the f i r s t  day o f  t es t i ng .  
these e i g h t  tasks, seven were performed us ing  t h e  technique o f  p l a c i n g  
one foot on the hand r a i l  to ma in ta in  a s t a b l e  working p o s i t i o n .  I n  the 
second day o f  t e s t i n g  the  tasks were ma in ly  d e x t e r i t y  types and t he  
sub jec t  worked these by b i nd ing  t he  top o f  h i s  helmet i n s i d e  the  upper 
edge o f  t he  access opening. The d e x t e r i t y  tasks were performed by  t he  
sub jec t  w i t hou t  p u l l i n g  h i s  Gemini X I 1  type s t r a p  r e s t r a i n t  t au t .  I t  
i s  f e l t  t h a t  t h i s  was poss ib l e  because o f  the  g rea t  res is tance  aga ins t  up 
and down and back and f o r t h  movements o f  the overhead t r o l l y .  The major 
d i f f i c u l t y  encountered was the tendency to t i p  forward i n t o  the  work when 
the sub jec t  became unbalanced by extending h i s  arms forward. The sub jec t  
handled t h i s  t i p p i n g  in  the same manner as before, by pushing back w i t h  
h i s  hands t o  keep a rocking, ba lanc ing mot ion t h a t  a l lowed him to  work 
w i t h  h i s  hands w h i l e  a t  t he  same t ime keeping h imse l f  pos i t i oned  i n  f r o n t  
o f  the  mockup. 

Of 

EVA WORK 

Genera 1 

T r a d i t i o n a l l y ,  work improvement s tud ies  have concerned themselves 
w i t h  the "economy" o f  the work s i t u a t i o n .  The o b j e c t i v e  o f  such s tud ies  
was t o  reduce the phys ica l  e f f o r t ,  e l im ina te  waste mot ion,  and t o  speed 
the handl ing of  ma te r i a l s .  
increas ing product ion.  
aspects o f  performance. However, i t  was designed t o  asce r t a i n  the scope 
o f  poss ib l e  human manual a c t i v i t i e s  i n  the weight less envi'ronment. 

The bas ic  purpose was t o  f i n d  a means o f  
This study i s  concerned w i t h  many o f  the same 

The observat iona l  ana l ys i s  was performed on two l eve l s .  The f i r s t  
and pr imary  l eve l  was t o  observe and record the dynamics o f  the motions 
used by the sub jec t  t o  perform the tasks w i t h i n  the m u l t i p l e ,  r e s t r i c t i v e  
cont ingencies o f  the t e s t  cond i t i ons .  The second leve l  o f  observat ion 
d e a l t  w i t h  work improvement and cons is ted o f  two aspects. One aspect was to  
observe, record,and analyze the work improvement techniques used by tne 
sub jec t  w i t h  the c r i t e r i a  t h a t  these innovat ions must indeed be p o s i t i v e  
c o n t r i b u t i o n s  and t r u e  "work improvement." The second was t o  i s o l a t e  
those work improvement innovat ions t h a t  f a i l e d  t o  c o n t r i b u t e  t o  the pro-  
cedures. These would inc lude mistakes i n  judgment, f a i l u r e  t o  f o l l o w  
i n s t r u c t i o n s ,  and poor i ns i gh t s .  From these observat ions i t  was be l i eved  
t h a t  a beginn ing cou ld  be made toward e s t a b l i s h i n g  a set  o f  ground ru l es  
for the EVA worker t h a t  would a s s i s t  the engineer i n  p r o v i d i n g  a hardware 
design t h a t  would i n t e r f a c e  w i t h  the EVA worker i n  the bes t  poss ib l e  
manner. Thus, the  astonaut would be more aware o f  h i s  work l i m i t a t i o n s  
and c a p a b i l i t i e s .  

228 



/ 

Worker Pos i t ion ing  

A good work p o s i t i o n  i s  defined i n  t e rms  o f  the task t o  be performed. A l l  
good pos i t ions  require s t a b i l i t y ,  freedom o f  l imb movement appropr iate t o  the 
task, good v i s i o n  o f  the work area, and the c a p a b i l i t y  t o  apply the d e x t e r i t y  
and muscular force necessary t o  perform the task.( What may be a good p o s i t i o n  
fo r  one task may not necessari ly be a good p o s i t i o n  f o r  another task. For 
example, the subject may have t o  be very close t o  h i s  work o r  be backed o f f  t o  
h i s  maximum arm reach. The good p o s i t i o n  i s  one tha t  does not i n t e r f e r e  w i t h  
the task i n  any way and al lows the completion o f  the t a s k  i n  an e f f e c t i v e  and 
s a t  i s fac to ry  manner. A comparison i s  presented i n  Figure 5-48. 

Two- Hand Work 

The use o f  both hands t o  perform a task seemed t o  be a func t ion  o f  
p o s i t i o n  s t a b i l i t y .  
the sub jec t ' s  performance. The poorest performance f o r  two handed tasks 
occurred dur ing use o f  the r i g i d  leg  r e s t r a i n t s  and the best performance 
dur ing use o f  the foot- st rap r e s t r a i n t  and the cage r e s t r a i n t .  

The more s table and secure a pos i t i on ,  the b e t t e r  

Task Sequence 

The subject would occasional ly take short-cuts i n  the task sequence 
tha t  appeared t o  be work improvement steps However, these deviat ions 
from the task procedures most f requent ly  lead t o  d i f f i c u l t y .  -For example, 
when the subject was ins t ruc ted  t o  re tu rn  a wrench t o  the too l  k i t  and 
then remove the loosened b o l t  w i t h  h j s  f ingers,  he d i d  not  re tu rn  the 
wrench t o  the took k i t ,  bu t  he ld  the wrench i n  one hand and removed the 
b o l t  w i t h  the other.  He then found h imsel f  i n  the awkward circumstance 
o f  having the b o l t  i n  one hand, the wrench i n  the other ,  and unable t o  
manipulate h i s  r e s t r a i n t s  t o  ge t  t o  the too l  k i t  t o  s to re  the wrench 
and b o l t .  The human engineering observation repor ts  taken dur ing the 
tes ts  conta in a number o f  s i m i l a r  observations. It i s  f o r  t h i s  reason 
tha t  a strong recommendation i s  made tha t  a l l  EVA tasks be checked out i n  
d e t a i l  by simulat ion p r i o r  t o  space app l ica t ion .  

Rest  ra i n t  

t o  
POS 

Generally, the ef fect iveness o f  a r e s t r a i n t  i s  inversely proport ioned 
the amount o f  time the subject spends seeking and obta in ing the best 
i t i o n  from which t o  work. 

Pos i t ion ing  and Holding on 

One o f  the best pos i t i ons  tha t  the subject can assume i s  one i n  which 
he i s  restrained, able t o  use one hand t o  hold onto something so l i d ,  and 
able t o  use the other hand t o  perform the task (Figure 5-49). 
vides the subject w i t h  a two-point contact a t  the work s t a t i o n  and the 

This pro- 
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GOOD POSITION FOR PERFORMING TASK REQUIRING 
SUBJECT TO WORK I N  MAINTENANCE BOX 

F- 7337 
POOR POSITION FOR PERFORMING TASK REQUIRING 

SUBJECT TO WORK I N  MAINTENANCE BOX 

F i  gure 5-48 
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F-7338 GOOD POSITION MAINTAINED BY HOLDING ON WITH ONE HAND 

F i  gure 5-49 
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s t a b i l  i t y  necessary f o r  good work. 
t o  car ry  the one-handed work i n t o  tasks tha t  requi re both hands f o r  sat is fac-  
t o r y  pe r f ormance . 

The number o f  times the subject found i t  necessary to maintain h i s  
p o s i t i o n  by hanging on t o  the mockup w i t h  one hand wh i le  working w i t h  the 
other  was much greater than expected. 
tha t  many o f  the two-handed tasks were "broken down" by the subject i n t o  
adaptive task-elements tha t  could be performed w i t h  one hand. 

D i f f i c u l t y  a r ises  when the subject attempts 

This was p a r t i a l l y  due t o  the f a c t  

Simultaneous Use o f  Tools 

The requirement f o r  the EVA astronaut t o  use two too l s  simultaneously 
should be e l iminated wherever poss ib le and special r e s t r a i n t  prov is ions 
provided when t h i s  cannot be avoided. 

Rest Periods 

Rest periods f o r  the EVA worker w i l l  be essent ia l .  Consideration 
should be given t o  es tab l i sh ing  scheduled periods o f  res ts  rather  than 
a l lowing the EVA astronaut freedom t o  establ i sh  h i s  own res t  needs. 

It i s  the judgment o f  the subject t ha t  the rests  required are not  
an e f f e c t  o f  the actual  physical work associated w i t h  the task, bu t  ra ther  
the r e s u l t  o f  performing the task i n  the pressure s u i t  where add i t iona l  
contingencies are imposed by the resistance o f  the s u i t ,  the r e s t r a i n t  
and weight she l l ,  and the l i m i t e d  covering c a p a b i l i t y  o f  the v e n t i l a t i n g  
gas. 

Oppos i ng Arms Work 

When the  task allowed the use o f  equalized force appl ied by the use 
o f  both hands o r  arms opposing one another, i t  was performed wi thout  
d i f f i c u l t y .  The use o f  the b o l t  cu t te rs  i s  a t yp i ca l  example. 

The Hand Tasks 

The two handed maintenance tasks were more o f ten  attempted by the 
subject w i t h  one hand when he was using the r i g i d  leg  r e s t r a i n t s  than . 
when he was using e i t h e r  the foo t- s t rap  o r  cage r e s t r a i n t  conf igurat ion.  

Cage Rest ra i n t  

The work improvement innovations used by the subject dur ing the 
tes ts  conducted w i t h  the cage r e s t r a i n t  concept were very e f fec t i ve .  
m a j o r i t y  o f  these innovations involved gett-inq i n t o  pos i t ions  tha t  al lowed 
the most e f f e c t i v e  work performance (Figure 5-50). 

The 

A t  f i r s t ,  the 



UNUSUAL TOE, HAND, AND ANKLE CONTACTS TO 
OBTAIN A POSIT ION HIGH OUT OF CAGE 

F-7339 
SUBJECT REACHING THROUGH ANTENNA 
STRUCTURE TO TIGHTEN THUMBSCREW 

Figure 5-50 
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observer was i nc l i ned  t o  a t t r i b u t e  t h i s  work improvement t o  the subject 's  
learn ing dur ing the repeated performance of the  tasks. However, l a t e r  
t es ts  conducted w i t h  various conf igurat ions o f  the r i g i d  l e g  r e s t r a i n t s  
were performed in  the same d i f f i c u l t  and troublesome manner as the e a r l i e r  
t es ts  w i t h  these res t ra in t s .  The improved performance i n  the cage was 
therefore considered a func t ion  o f  the r e s t r a i n t  being used. This con- 
s ide ra t i on  i s  the reason f o r  recommending f u r t h e r  development o f  the cage 
r e s t r a i n t  and continued t e s t i n g  i n  the  water imnersion s imulat ion technique. 

During the conduction o f  Test 1 .3 .4 .4 .  ( 1 .  Underwater 3 .  Hard 

These were the prone and the hor izonta l  posi-  
maintenance t e s t  4. Taut rope 4. Cage r e s t r a i n t ) ,  there was a sudden 
use o f  new work posi t ions.  
t i ons  assumed over the top o f  the cage. Much o f  the pos i t i ona l  cont ro l  
f o r  s t a b i l i t y  was obtained by the  subject i n te r tw in ing  h i s  fee t  and legs 
around the top rung o f  the cage r e s t r a i n t .  One observer s tated tha t  the 
subject seemed t o  use the cage as a ser ies o f  l eg  and f o o t  holds. This, 
o f  course, was the i n ten t  o f  the cage r e s t r a i n t  concept. 

Posi t ion ing 

The ma jo r i t y  of the successful work improvement innovations used by 
the subject were i n  r e l a t i o n  t o  securing more s tab le  work pos i t ions  
(Figures 5-51 and 5-52). The leas t  successful work improvement e f f o r t s  
t ha t  the subject engaged i n  were those associated w i t h  a l t e r a t i o n s  o f  
the task sequencing o f  the tests .  As the t e s t i n g  progressed, the subject 
engaged i n  more and more deviat ions from the task sequences. Some o f  the 
deviat ions were p o s i t i v e  shor t  cuts t h a t  a c t u a l l y  shortened completion 
time and improved the performance o f  the task. For the most p a r t ,  short  
cuts  gained the subject l i t t l e  and caused t roub le  and d i f f i c u l t y  t ha t  he 
would not  have encountered had the fol lowed the step-by-step procedures, 
Factors p a r t l y  responsible f o r  t h i s  mot ivat ion include the increased r i s k  
w i t h  increased exposure, the hot  and sweaty environment, the fa t i gue  and 
f r u s t r a t i o n ,  and the psychological react ion t o  the s t ress inducing 
condit ions. 

Task Sequencing 

The tes ts  es tab l i sh  q u i t e  conclusively tha t  ne i ther  the subject nor 
the human engineering counterpart can completely l ay  out  the best means 
o f  doing a r e l a t i v e l y  complex sequence o f  tasks i n  a work performance 
s i t u a t i o n .  The tes ts  a l so  es tab l i sh  tha t  the funct ional  sequencing per- 
formed a t  the paper and penci l  level  p r i o r  t o  t e s t i n g  was indeed essent ial  
t o  the s t ruc tu re  o f  the t e s t .  Much o f  the c o n f l i c t  between too ls ,  fasteners, 
and work pos i t i on ing  was foreseen a t  t h i s  . level  and provided f o r .  However, 
the t e s t  o f  adequacy i s  i n  the performance. The performance o f  the worker 
must be evaluated i n  the actual  work s i t ua t i on .  For t h i s  reason, i t  i s  
recommended tha t  an t ic ipa ted  EVA work tasks be performed i n  w a t e r  immersion 
s imulat ion before the f i n a l  procedures are developed. 
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SUBJECT REACHING INTO MAINTENANCE 
BOX FROM SIDE POSITION 

F - 7 3 4  SUBJECT PUSHING AGAINST RIGID LEG RESTRAINT WITH 
HEAD WEDGED UNDER EDGE OF ACCESS OPENING 

Figure 5-51 
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SUBJECT INTENTIONALLY FALLING BACK INTO 
CAGE WITH BOTH HANDS ON ACCESS PANEL 

W 

? F-7341 
SUBJECT STRADDLING MAINTENANCE BOOM AND USING ANKLE TO- 
MAINTAIN POSITION SO THAT BOTH HANDS ARE FREE FOR WORK 

F i  gu re 5-52 



Comments by the Subject 

Notations from the human engineer's t e s t  repor t  support the con- 
c lus ion  tha t  the subject i s  not  the most ob jec t i ve  source o f  information. 
The subject commented tha t  the foot- st rap r e s t r a i n t s  were the poorest 
r e s t r a i n t  device used. However, task performance does no t  support h i s  
conclusion. The foot- st rap r e s t r a i n t  was one o f  the b e t t e r  r e s t r a i n t s  
used. The successful completions o f  the d i f f i c u l t  and hard task-elements 
were much more successful w i t h  the foo t- s t rap  r e s t r a i n t  than w i t h  the 
other  r e s t r a i n t  conf igurat ions, although t h e  cage r e s t r a i n t  was almost 
as e f fec t i ve .  

A t  the conclusion o f  each t e s t  the subject would be extremely fa t igued 
and a degree o f  h o s t i l i t y  would be evident tha t  was almost always pro- 
jec ted  toward the members o f  the t e s t  team. 
comments were o f  questionable v a l i d i t y .  
o f  the funct ion ing o f  h i s  r e s t r a i n t  device. 
asked him i f  the wais t  r e s t r a i n t  s t rap was taut.  The subject sa id  tha t  i t  
was not,  even though the observer could see tha t  the wais t  s t rap was 
indeed tau t .  Another comment o f  the subject was t ha t  the hand r a i l  along 
the f ront  o f  the mockup was o f  more use in  ac tua l l y  performing the tasks 
than was the foot- st rap r e s t r a i n t .  However, t h i s  i s  not borne out  by 
p o i n t  of analysis.  The foo t  r e s t r a i n t  provided the subject w i t h  the 
freedom t o  p o s i t i o n  h i s  torso f o r  work i n  almost any p o s i t i o n  he wanted. 
It a lso  allowed more frequent use o f  two hands tha t  resul ted i n  improved 
task performance and reduced times. 

A t  these times the subject 's  
The subject was not  always aware 

A t  one t ime the observer 

In Test 1.1.5.5. (1. Underwater 1. Easy Task Sequence 5. Rigid Pole 
5. Foot Restraint)  the subject t r i e d  a work short  cu t  by re lea-  3 h i s  
r e s t r a i n t  p r i o r  t o  f ree ing  the maintenance box. As a resu l t ,  he found 
himself w i t h  the box i n  one hand and hanging on t o  the hand r a i l  w i t h  
the othe;. In  t h i s  instance, he could not t raverse t o  the hatch as 
required by the next task. 
because they were troublesome t o  move from one connecting po in t  to  another 
on t173 mockup. This i s  a v a l i d  c r i t i c i s m .  Another v a l i d  observation 
was tha t  the r e s t r a i n t  conf igurat ions tested were no t  r e a l i s t i c  enough t o  
be acceptable f o r  actual  EVA work. 

The subject d i d  not l i k e  the r i g i d  l eg  r e s t r a i n t s  

Pressure Sui t  

The pressure s u i t  i s  a constant hindrance t o  work,requiring com- 
pensating pos i t i on ing  and ex t ra  muscular exert ion. This, coupled w i t h  
the v isual  l imitation,combine t o  make the most simple work tasks d i f f i -  
c u l t .  
The combined disadvantage i s  most evident i n  tasks requ i r ing  the r e p e t i t i o n  
o f  the same arm motion over and over. The use o f  the screwdriver and the 
wrench are good examples. 
used, the subject would develop arm cramps and requi re frequent rests, and 
would work the arm back and f o r t h  t o  remove the cramp. 
e f f e c t ,  the subject would t r y  t o  change the too l  from one hand t o  the 
other ,  but  the lef t-hand work could be performed successful ly on ly  f o r  
sane tasks and on ly  when the subject was posi t ioned we l l .  

Fatigue sets i n  ear ly ,  almost as soon as the subject begins work. 

Throughout the tes ts  when these too l s  were 

To counteract t h i s  

The cases o f  
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work being accompl ished w i t h  the l e f t  hand were very 1 imi ted and occurred 
only  when the subject was using the cage o r  foo t- s t rap  r e s t r a i n t  conf i -  
gurat ion. These r e s t r a i n t s  would a l low the necessary freedom o f  body 
pos i t i on ing  required t o  do r i g h t  handed tasks w i t h  the l e f t  hand. 

The b inding e f f e c t  o f  the s u i t  on the arms when the subject was 
doing work d i r e c t l y  i n  f r o n t  o f  h imsel f  caused the subject t o  seek posi-  
t i ons  where he could b r i n g  h i s  arm i n t o  t h i s  f r o n t a l  work from a side 
approach ( F i gu re 5- 53). This seemed t o  a l low the arm t o  move i n  the 
s u i t  w i t h  less resistance. The subject would do t h i s  i n  the work s i tua-  
t i o n  wi thout  being f u l l y  aware tha t  he was a l so  tu rn ing  h i s  upper torso 
e i t h e r  l e f t  o r  r i g h t .  The f a c t  t ha t  the subject could do t h i s  w i t h  the 
one-leg r e s t r a i n t ,  bu t  could not do i t  w i t h  the two-or three- leg conf i -  
guration,may be the reason f o r  h i s  p r e f e r r i n g  the one-leg conf igura t ion  
over the others, even though the two-and th ree- r ig id- leg  r e s t r a i n t s  pro- 
vided a more s tab le  p o s i t i o n  from which t o  work. 

If the subject was working on small i t e m s  such as b o l t s  and wires, he 
had l i t t l e ,  i f  any, feedback from the object through the glove. Generally 
speaking, i f  the subject could not see wh3t he was hold ing and msnipulat ing 
and the item was too s m l l  f o r  feedback through the gloves, he was not able 
t o  do the task. 

Stabi 1 i t y  

In  the f i n a l  analys is ,  both dex te r i t y  and force were dependent on 
the s t a b i l i t y  o f  the subject 's  pos i t i on ,  although cor rec t  placement of  
the to rso  t o  the work i s  a lso essent ia l  (Figure 5-53). 
two pos i t i ona l  fac to rs ,  tasks requ i r ing  f i n e  d e x t e r i t y  o r  considerable 
force could not be performed by the subject. 
was not stable,  the fumbling and loss of  t o o l s  was very evident as com- 
pared t o  those cases i n  which s t a b i l i t y  existed. I f  one major conclusion 
i s  t o  be made from t h i s  study, i t  i s  tha t  the subject was e i t h e r  s tab le  
when performing work o r  was seeking t o  s t a b i l i z e  himself  so that  he could 
perform the work. The compromises were many and deviat ions and innovations . 
frequent, but  the  underly ing necessi ty o f  pos i t i on ing  s t a b i l i t y  and the 
sub jec t ' s  body p o s i t i o n  i n  r e l a t i o n  t o  h i s  work were always present. 

Without these 

In  cases where the subject 

Presentat ion of Work t o  Subject 

In the t e s t s  o f  the antenna, f o ld ing  panels,large r i g i d  module, 
and i n f l a t a b l e  module, the worker was presented t o  the module when 
i t  may have been b e t t e r  t o  present the module t o  the worker. In  the 
workaday wor ld  where large objects  are being assembled, the  worker 
moves along the s t ruc tu re  making h i s  connections and c rea t ing  the assembled 
object .  
the worker t o  the work spots i s  the common-sense approach. Some devia- 
t i o n  o f  th'is i s  found i n  la rge  product ion p lan ts  where assembly l i n e  tech- 
niques are  used but ,  f o r  the large p a r t ,  the operator i s  presented t o  the 
work. 

The necessity f o r  t h i s  i s  obvious since the economy o f  moving 

I n  the weight less cond i t ion  i t  might be advantageous t o  present 



SUBJECT ATTEMPTING TO GET POSITION 
FOR SIDE APPROACH TO WORK 

F-7342 
TYPICAL GOOD POSITION IN CAGE RESTRAINT 

Figure 5-53 
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the o b j e c t  be ing worked on to  the  worker. Two advantages may be gained 
by such an approach. F i r s t ,  s ince  t he  work c a p a b i l i t y  i s  so dependent on 
the  p o s i t i o n i n g  and the  s t a b i l i t y  o f  the  worker, i t  i s  poss ib l e  t h a t  i t  
would be more economical i n  a l a r g e  module assembly s i t u a t i o n  t o  move t he  
hardware t o  the  worker when he has good p o s i t i o n i n g  and s t a b i l i t y .  
t he  con t ro l  and p resen ta t ion  of  the work ( i n  t h i s  case, t he  l a rge  module) 
t o  the worker may be the  bes t  approach because o f  the  weightlessness of 
the  ob jec t  making hand1 ing. and movement less  d i f f i c u l t .  

Second, 

NECESSITY OF SIMULATION 

The repeated performance o f  the  sub ject  du r ing  the maintenance tasks 
of t ak i ng  ou t  the  same b o l t  and p o s i t i o n i n g  to  the same d i f f i c u l t  o r  
awkward work p o i n t  prov ided p r a c t i c e  and l ea rn ing  t h a t  was no t  a v a i l a b l e  
t o  him dur ing  the  e rec t i on  and assembly o f  the la rge  modules. 
b l e  t h a t  had the l a rge  module task sequences been repeated over and over, 
the sub ject  would have learned t o  cope w i t h  the problem o f  handl ing 
and manipu la t ing the small ob jec ts .  Even so, there a re  t w o  conclusions 
t o  be drawn t ha t  are extremely important t o  the de l i nea t i on  of the 
EVA worker ' s  c a p a b i l i t i e s  and l i m i t a t i o n s .  The f i r s t ,  and the most impor- 
t a n t ,  i s  the  b e n e f i t  der ived from p r a c t i c e  o f  an EVA type of  t a s k  in  an 
appropr ia te  s imu la t ion  cond i t i on .  
c i sed  i n  se lec t i ng  hardware f o r  EVA use. Current ly ,  the most feas ib le  
means of assur ing t h a t  the EVA worker i s  no t  handicapped by e i t h e r  o f  these 
cont ingencies i s  t o  i n i t i a t e  a program o f  s imu la t ion  w i th  actua l  "space" 
ha rdwa re. 

It i s  possi-  

The second i s  t h a t  care must be exer- 

There were no observat ions made o f  the n e u t r a l l y  buoyant sub ject  
du r ing  t he  assembly o f  the antenna d i sh  t h a t  po in ted ou t  o r  impl ied t h a t  
the  same type o f  e r e c t i o n  cou ld  not  be performed i n  space. However, 
much was l e f t  t o  be des i red i n  t h i s  f i r s t  exper imentat ion o f  the  assembly 
of a l a rge  module i n  the water s imu la t ion  mode. These shortcomings were t o  
a l a rge  p a r t  r e l a t i v e  t o  the hardware con f igu ra t ion  tes ted  and the l a c k  
of proven procedures. However, the f a c t  t h a t  these negat ive aspects 
e x i s t e d  and the  t e s t s  were s t i l l  success fu l l y  performed supports the posi-  
t i o n  t h a t  e rec t ions  and assemblies of t h i s  type may be performed in  space. 
The one contingency i s  the  adequacy of the s imu la t ion  mode i t s e l f .  The 
feedback evidence from the l a t e r  Gemini f l i g h t s ,  a l though no t  an adequate 
sample, were indeed favorab le  s ince the EVA astronaut had been sub jected t o  
water  immersion-neutral buoyancy t r a i n i ng ;  he be l ieved  t h a t  t h i s  experience 
was b e n e f i c i a l  t o  h i s  ac tua l  space tasks,  

Simulat ion o f  the nature being used dur ing  t h i s  study does no t  pro-  
v i de  p o s i t i v e  proof. 
comparative ana lys is .  It is important t h a t  the conclusions and recom- 
mendations r e s u l t i n g  from t h i s  study are n o t  i n t e rp re ted  i n  the 1 i g h t  o f  
d i r e c t  space app l i ca t i on ,  b u t  r a the r  i n  the l i g h t  of p repara t ion  fo r  space 
a c t i v i t i e s .  Th is  i s  t he  i n t e n t  and the o r i e n t a t i o n  o f  the t e s t s  o f  the  
l a r g e  module e rec t i on  and assembly. 

A t  best, i t  gives the  observer behavioral  sequences for 

, e  , *  
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The f i r s t  conclusion drawn by the  observers o f  the antenna e rec t i on  
t e s t  was t h a t  the i n t e r f a c e  between the  EVA worker and h i s  hardware i s  
t he  key to  the  success o f  h i s  task. (A c e r t a i n  amount o f  t h i s  op in ion  i s  
c a r r i e d  over from the observat ions made throughout the  l a rge  modular tes ts . )  
The concern here i s  w i t h  the  d i f f i c u l t y  the  subject  had i n  handl ing and 
manipu la t ing t o  a s a t i s f a c t o r y  l eve l  the o f f - t h e- s h e l f  hardware used through- 
o u t  the tes ts .  It i s  recommended t h a t  a l l  hand t o o l s  be adapted t o  the 
pressur ized glove. The Same i s  mandatory fo r  fasteners. Small 
b o l t s  and nu ts  were a continuous source o f  d i f f i c u l t y  for  the subject .  
Ac tua l l y ,  t h i s  was t r u e  for p r a c t i c a l l y  a1 1 o f f - the- she l f  hardware which 
has been designed f o r  use by the  ungloved hand. Planning f o r  EVA, the  
man-machine i n t e r f a c e  w i l l  r equ i re  a c lose  systematic ana lys is  o f  every 
manipulated o b j e c t  throughout i t s  t o t a l  EVA app l i ca t i on .  

No o b j e c t i o n  i s  expected to be advanced against  the  man-machine i n te r -  
face study f o r  EVA. It i s  poss ib le  t h a t  ob jec t ions  w i l l  be ra ised  as t o  
the  depth o f  ana lys is  required.  The p o s i t i o n  taken, as a r e s u l t  o f  t h i s  
study e f f o r t ,  i s  t h a t  no ob ject ,  i nc lud inq  too ls ,  fasteners,  and hardware, 
w i  1 1  be considered acceptable wi thout proof of .  acceptab i l  i t y  t e s t  inq by simu- 
la t ion .  The general conclusion from the t e s t s  conducted imply t h a t  l i t t l e  o f  
the  hardware used i s  acceptable i n  i t s  present o f f - the- she l f  conf igurat ion.  

RECOMMENDATIONS 

An add i t i ona l  l eve l  o f  ana lys is  from the AiResearch study i s  warranted 
i n  reference, to s p e c i f i c  hardware t h a t  needs development. Examples o f  
hardware f a u l t s  a re  discussed i n  the  f o l l ow ing  paragraphs. 

The cage r e s t r a i n t  i s  a promising r e s t r a i n t  concept. The con f i gu ra t i on  
tes ted  was, however, too  l a rge  t o  serve i t s  o r i g i n a l  i n ten t .  It i s  recom- 
mended t h a t  i t s  design be a l t e r e d  t o  an ad jus tab le  concept t h a t  would 
a l l ow  the cage t o  be expanded or cont racted i n  diameter and t h a t  pro- 
v i s i ons  be made t o  lengthen o r  shorten i t  as we l l .  This would prov ide 
an oppor tun i t y  t o  observe the  r e s t r a i n t  con f i gu ra t i on  i n  several space 
volumes w i t h  one p iece o f  hardware and a t  the  same t ime prov ide observa- 
t i o n s  o f  the  f e a s i b i l i t y  o f  us ing an ad jus tab le  cage concept as an EVA 
r e s t  ra  i n  i ng dev i ce. 

The f oo t - s t rap  r e s t r a i n t  i s  a l so  a promising concept. The observa- 
t i o n s  made dur ing  the t e s t s  pose the  p o s s i b i l i t y  o f  improving i t s  f unc t i on  
by p rov id i ng  a means o f  ho ld i ng  the f oo t  w i t h i n  t he  s t i r r u p  i n  a f i r m  
manner. However, a means must be provided f o r  t he  operator  t o  disengage 
the ho ld ing  mechanism i n  a simple and qu ick  manner. There are approaches 
t o  t h i s  t h a t  appear t o  be r e l a t i v e l y  simple, such as a clamp t h a t  engages 
the  so le  o f  the shoe by a push-pull  cable mechanism. It i s  be l ieved  t h a t  
such a system would g r e a t l y  improve the  f oo t - s t rap  r e s t r a i n t .  It i s  a l s o  
suggested t h a t  the c a p a b i l i t y  f o r  e i t h e r  s t i r r u p  to  engage e i t h e r  f o o t  
be re ta ined,  and the ho ld i ng  device f o r  the f o o t  be so designed as t o  
a l l ow  the swi tch ing o f  one f o o t  o r  another t o  e i t h e r  s t i r r u p .  
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Several approaches were used ea r l y  i n  the program t o  design the 
r i g i d  leg  r e s t r a i n t s  so tha t  they would be r i g i d  a t  bo th  connecting 
po in ts ,  t h a t  i s ,  on the s u i t  f i b e r  glass she l l  and a t  the mockup connect- 
ing point .  
and a lockable universal  a l l  proved inappropriate. A compromise was used 
i n  t e s t s  where the lockable universal  j o i n t  was used on the f i b e r  glass 
she l l  a t  the s u i t ,  and a snap and eye connection was used a t  the other 
end o f  the telescoping r e s t r a i n t .  The freedom provided a t  the snap and eye 
connection was t o t a l l y  unacceptable i n  the water immersion simulat ion 
mode. It i s  recommended tha t  the r i g i d  l eg  r e s t r a i n t  be subjected t o  a 
design e f f o r t  t h a t  w i l l  provide the r i g i d i t y  required t o  keep the user 
s tab le  and i n  one p o s i t i o n  by prov id ing the lock ing connections a t  the 
s u i t  and the work s ta t ion .  Some type of lever-act ivated, lock ing universal  
j o i n t  seems t o  be the approach t o  t h i s  problem. 

Attempts t o  use large expando p ins,  vacuum ac t iva ted  vises, 

Strap r e s t r a i n t s  a t  the wais t  o f  the subject were not  sa t is fac tory  
when used alone bu t  were e f f e c t i v e  and essent ial  when used i n  conjunc- 
t i o n  w i t h  the foot- st rap and cage res t ra in t s .  Thei r  continued use i s  
expected i n  any r e s t r a i n t  mechanism t o  be developed and tested. 
conf igura t ion  used i n  t h i s  program the mechanism f o r  lengthening and 
shortening the straps was too small f o r  adequate hand1 ing by the pressur- 
ized glove. 

In  the 

The fasteners f o r  assembling the large modules were too time con- 
suming, and a need ex i s t s  f o r  a p o s i t i v e  locking, quick connecting 
fastener tha t  can be engaged very simply, p re ferab ly  wi thout  a too l .  
I f  a too l  i s  required, a simple lever ing ac t ion  i s  preterred over the 
torque ac t ion  used w i t h  nuts and b o l t s .  It i s  recommended tha t  the 
s i ze  o f  the fasteners be kept large enough f o r  good handl ing d e x t e r i t y  
w i t h  the pressurized glove. 
manipulated i n  the pressurized s u i t  a t  one-g. The only fastener found 
i n  the AiResearch fastener review tha t  seemed t o  lend i t s e l f  t o  the 
fastener requirement was the trade name "Expando Pin."  This fastener 
proved unsat is factory dur ing our t e s t s  and could not  be used extensively.  
However, i t  was not the f a u l t  o f  the fasteners. The mater ia ls  used f o r  
the modules was aluminum and i t  was, as a ru le ,  t h i n  and so f t .  When 
the bushing of the expando p i n  was locked i n  the holes d r i l l e d  in  these 
mater ia ls ,  i t  would expand the hole and the p i n  would not  f i t  t i g h t l y  
enough t o  maintain a good connection, 
fastener requirements for  EVA and most c e r t a i n l y  should be tested by 
water immersion s imulat ion w i t h  appropr ia te ly  designed fastener sea ts .  

To es tab l i sh  t h i s  s i ze  samples may be 

This p i n  does meet the basic  

Other off-the-she1 f fasteners appropr iate f o r  EVA assembly and 
erec t ion  may be ava i lab le ,  bu t  they were not found dur ing the review 
o f  fasteners. If o f f - the- she l f  fasteners are not ava i lab le  tha t  pro- 
p e r l y  meet the need o f  EVA work, then a s p e c i f i c  hardware design and 
v e r i f i c a t i o n  problem ex is ts .  

The clamps tested proved t o  be a paramount problem. The need f o r  
clamp t o o l s  t o  ho ld  and r e t a i n  objects  i n  the weightlessness o f  space 
i s  obvious. However, t h i s  same weightlessness cond i t ion  requires tha t  
the clamping task be performed as a one-handed operation, since the other  
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hand must be used to  p o s i t i o n  the ob jec t  and hold i t  i n  place wh i le  the 
clamp i s  engaged. Thus, a design requirement appears t o  be evolving 
t h a t  requires a clamp t h a t  can be posi t ioned, adjusted, engaged, and 
released a l l  w i t h  one hand. None o f  the clamps tested met these require- 
ments. 
because o f  the la rge  throw o f  the handles and the need f o r  two hands t o  
adjust  the s ize  o f  the jaw opening. 

s iderably throughout the tests .  
nylon cord w i t h  a metal s l i p  r i n g  o r  snap connection. The cord and har- 
ness snaps worked q u i t e  we l l ,  bu t  the drag e f f e c t  o f  the water environment 
and g r a v i t y  was always ac t ing  on the objects  reta ined i n  t h i s  manner. 
It i s  therefore, questionable whether re ta in ing  lanyards would prove 
sa t is fac tory  i n  space. E l a s t i c  cords were a lso used and i n  a l i m i t e d  
way worked q u i t e  we l l  f o r  ho ld ing and securing objects  dur ing the tests .  
Their  funct ional  c a p a b i l i t y  in  space i s  a l so  questionable. Small ob jects  
such as tools, b o l t s ,  and fasteners were especia l ly  d i f f i c u l t  f o r  the 
t e s t  subject t o  contro l  and secure,and appear t o  be a separate hardware 
securing problem. 

The v i se  g r i p  p l i e r s  came c losest  bu t  proved unsat is factory 

To a1 l e v i a t e  the clamp problem, re ta in ing  lanyards were used con- 
These were a simple conf igura t ion  o f  

The design o f  o f f - the- she l f  hand too l s ,  conceived t o  be used only 
by an un res t r i c ted  hand, are not  acceptable f o r  use i n  performing work i n  
a pressure su i t .  Although the too l s  were i n  general successful ly used 
t o  complete the task, they d i d  not provide an acceptable gloved hand interface. 
Hardware o f  t h i s  nature-- i .e., manual hand too ls  f o r  EVA--warrant special 
design e f f o r t  t o  accommodate the pressurized gloved hand o f  the EVA worker. 
In addi t ion,  a l l  t he  too l s  tested were not a l t e red  t o  n e u t r a l i y  buoyant 
objects.  I n  tes ts  where water immersion simulat ion i s  used and a large 
va r ie t y  o f  hand too l s  were tested, there i s  a great deal o f  expenditure required 
t o  design them as n e u t r a l l y  buoyant objects.  
i s  equal t o  several pounds, subjects' handl ing and manipulating become 
negative. 
condi t ion i s  an add i t iona l  t e s t  var iab le  tha t  creates d i f f i c u l t y  i n  i n te r -  
p r e t i n g  the resu l ts .  Achieving neutra l  buoyancy f o r  the large module 
ma te r ia l s  does not appear t o  be near ly  as d i f f i c u l t  a problem as f o r  the 
too l  s. 

The numerous negative observations made o f  the hand too l s  used in  
t h i s  study p o i n t  out the need f o r  appropr ia te power too l s  t o  be used i n  
EVA assembly and erect ion. The a p p l i c a b i l i t y  o f  power too l s  w i l l  be 
defined by the func t ion  t o  be performed by the EVA worker compared t o  the 
same task being performed w i t h  hand too ls .  
requires considerable force o r  repeated torquing, then power too l  app l i -  
ca t ion  t o  the work i s  warranted. The "economy" o f  using power too l s  i s  
p r i m a r i l y  inf luenced by two aspects: the time saved by the use o f  power 
t o o l s  over manual too l  app l i ca t i on  and the saving made i n  the energy 
expenditure o f  the EVA worker i n  performing the task. 

When the weight of the object 

The added e f f o r t  o f  overcoming t h i s  s l i g h t l y  negative buoyant 

I f  the a c t i v a t i o n  func t ion  

It i s  obvious tha t  some work an t ic ipa ted  f o r  EVA w i l l  lend i t s e l f  t o  
power too l  performance and some w i l l  not.  This again po in ts  ou t  the need 
f o r  d e f i n i t i v e  task analys is  o f  EVA programs conducted i n  conjunct ion w i t h  
neutra l  buoyant water immersion simulat ion so tha t  the best and most 
"economic'al" manner o f  performing the work can be establ ished. 
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Several programs are cu r ren t l y  under way t o  develop the an t ic ipa ted  
EVA power too ls .  Their  funct ional  c a p a b i l i t y  must not  be overestimated 
by pre tes t  assumptions tha t  they w i  1 1  f u l f i l  1 the major requirement o f  
the EVA worker i n  h i s  assembly and erec t ion  tasks. The need f o r  f i t t i n g ,  
holding, moving, and pos i t i on ing  the hardware t o  be assembled w i l l  s t i l l  
requi re hand-to-hardware contact. Power too l s  w i l l  not f u l f i l l  the too l  
requirement f o r  a l l  tasks. In  a l l  l i k e l i h o o d  the func t ion  served by power 
too l s  for  EVA work w i l l  be s im i l a r  t o  tha t  func t ion  performed by hand-held 
power tools i n  the work-a-day world. Tasks requ i r i ng  large force appl i-  
ca t ion  for  a considerable durat ion lend themselves t o  power app l ica t ion .  
This i s  a lso  where power too l  app l ica t ion  w i l l  be most funct ional  i n  
EVA work. 

In  1 i gh t  o f  the recomnendation f o r  power too l  app l ica t ion  and the 
requirement f o r  water immersion tes t ing ,  considerat ion should be g ive  t o  
adapting the current  EVA power too ls  and those forthcoming t o  the water 
env i ronment . 

Rest ra i n t  s 

a. 

b. 

C. 

d. 

e .  

f .  

g. 

h. 

i . 

j .  

The lineman's pos i t i on ,  o r  var ia t ions  of i t ,  was the most 
sought-after pos i t i on  used by the subject. 

The effect iveness o f  a r e s t r a i n t  conf igura t ion  i s  inversely 
propor t ional  t o  the amount o f  t i m e  the subject spends seeking 
and obta in ing the "best" p o s i t i o n  from which t o  work. 

Both d e x t e r i t y  and force are dependent o f  the s t a b i l i t y  
and the pos i t i on ing  o f  the subject. 

The foo t- s t rap  and cage r e s t r a i n t s  were genera l ly  b e t t e r  than 
any other  r e s t r a i n t  concept tested. 

S t a b i l i t y  o f  a work p o s i t i o n  i s  propor t ional  t o  the number o f  
l imb contact po in ts  the subject can obtain.  

Restraints tha t  requi re many connections and disconnections 
dur ing pos i t i ona l  changes are too t i m e  consuming. 

Restraints w i t h  f r e e  p i v o t i n g  a t  connection po in ts  are unde- 
s i rab le .  

Stable pos i t i on ing  required the use o f  hands and legs t o  
maintain the pos i t ion .  

Two-hand freedom i s  essent ial  f o r  "good" EVA work and i s  dependent 
on the r e s t r a i n t  conf igurat ion,  

Since a l l  r e s t r a i n t s  tested had design f a u l t s ,  i t  i s  concluded 
tha t  no r e s t r a i n t  can be completely el iminated as a p o t e n t i a l l y  
successful r e s t r a i n t  mechanism. 
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Tool s 

a. Off- the-shelf  adjustable wrenches should not be used f o r  EVA 
assembly and erect  ion. 

Socket-type wrench sets, i f  used fo r  EVA assembly and erect ion, 
w i l l  requi re mod i f i ca t ion  to assure p o s i t i v e  lock ing o f  the  
interchangeable connections. 

b, 

C. Screwdriver use should be avoided f o r  EVA erect ion,  assembly, 
and maintenance tasks. 

d. Tools performance improves w i t h  the improved s t a b i l i t y  o f  
pos i t ion ing .  

e. When the subject was we l l  pos i t ioned t o  the work spot and had 
a s tab le  pos i t i on ,  l i t t l e  d i f fe rence could be noted i n  the 
va r ie t y  o f  wrenches tested. 

f. P1 i e r s  and pincher- type handles requi re mod i f i ca t ion  t o  a l low 
manipulation w i t h  one hand, 

9. The simple f l e x i b l e  lanyard used i n  these tes ts  f o r  t o o l  
re ten t ion  i s  inadequate. 

h. Test ing o f  a l l  t oo l s  t o  be used dur ing EVA i n  the neutra l  
buoyance water immersion s imulat ion i s  required t o  assure t h e i r  
adequacy. 

i, Hammer blow accuracy i s  i n te r fe red  w i th  by s u i t  resistance. 

Fasteners 

a. A need ex i s t s  f o r  a clamp tha t  may be manipulated w i t h  one hand 
t o  pos i t ion ,  ad just ,  engage, and release. 

b. Off- the-shelf  clamps are not acceptable f o r  EVA assembly and 
erect  ion. 

C. A requirement e x i s t s  t o  es tab l i sh  ways and means o f  handling, 
re ta in ing ,  and c o n t r o l l i n g  b o l t s ,  nuts,  and fasteners tha t  are 
no t  capt ive. 

d. A pos i t i ve ,  qu ick lock ing fastener w i t h  h igh  hold ing c a p a b i l i t y  
i s  required f o r  EVA assembly and erect ion. 

e. The in te rna l  wrenching b o l t s  were the most des i rable b o l t s  
tested and the s l o t t e d  head b o l t s  the l eas t  desirable. 

f. Bo l ts  w i t h  head sizes o f  less than 1/2 in. and lengths o f  l e s s  
than I in. a re  undesirable f o r  EVA because o f  t h e i r  handling 
d i f f i c u l t y .  
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g. Fasteners f o r  EVA e rec t i on  and assembly should be standardized and 
o f  a minimum number o f  sizes. 

Locomot i on A i  ds 

a. R i g i d i t y  o f  locomotion a ids i s  desirable, 

b. Locomotion a ids  without prot rus ions are the most desirable t o  
prevent the EVA worker f r a n  snagging h i s  s u i t  o r  equipment. 

Work 

a. EVA e rec t ion  and assembly tasks should have step by step 
procedures developed by a s imulat ion technique using real  
hardware to prove the concept, develop procedures, and pro- 
v ide  the t r a i n i n g  necessary t o  assure success o f  the mission 
i n  space. 

b. In  tasks where several t oo l s  are used there  e x i s t s  a problem 
o f  too l  presentat ion and retent ion.  

c. Two-handed tasks should be e l iminated from EVA tasks whenever 
poss i b 1 e. 

d. A d i r e c t  f r o n t a l  extension o f  the arm requires more e f f o r t  
and discomfort than does a "hooking" extension o f  the arm. 

e. Deviation from check- l i s t  task procedures should be allowed 
on ly  when the task sequence has been proven unworkable. 

f .  Each step o f  EVA assembly and erec t ion  should be planned, tested 
and set i n  a check- l i s t  task sequence f o r  performance compliance. 

g. The pressurized glove o f  the s u i t  does not provide appropr iate 
feedback from too ls  o r  hardware t o  the EVA worker. This f a c t  
requires the subject t o  see the work he performs. 

h. Any requirement f o r  the EVA worker t o  use two too l s  simultan- 
eously should be el iminated. 

i. Whenever possible,  two-handed task requirements are o f ten  
broken down by subject innovations i n t o  one-handed task elements, 

j, A c c e s s i b i l i t y  i s  a compound problem complicated by pressure 
s u i t  l i m i t a t i o n s ,  r e s t r a i n t  conf igura t ion  used, v i s ion ,  and 
task demand. 
not  an acceptable d e f i n i t i o n  of  accessab i l i t y  f o r  EVA work. 

Free volume space about the work spot i s  therefore 
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SECTION 6 

QUANTITATIVE RESULTS 

DISCUSSION 

Because o f  the exploratory nature o f  the study, the p r i n c i p a l  resu l t s  a r e  
This treatment o f  t he  quan t i t a t i ve  data those given i n  the  preceding section. 

i s  presented t o  ind ica te  t o  t h e  reader how an analys is  o f  the data might be 
undertaken w i t h  data more su i tab le  t o  systematic a n a l y t i c  evaluation. 

Psychological performance data are  acquired concerning two p r i n c i p a l  
var iables: correctness o r  adequacy o f  response and t ime t o  complete a response. 
This appl ies i n  ,paper-and-pencil tests, veh ic le  cont ro l  tasks, machine operation, 
general problem solving, and, i n  t h i s  instance, work i n  a simulated weightless 
condit ion. The adequacy o f  a measure o f  performance i s  dependent on the choice 
of u n i t s  o f  performance such as leve l  o f  de ta i l ,  type o f  event the experimenter 
se lects  t o  record the performance adequacy, and choice o f  blocks o f  performance 
t o  measure and make recommendations f o r  f u r the r  work. 

Also, i n  t h i s  sect ion some pat terns emerge about the performance i t s e l f  
on  the basis of  the q u a n t i t a t i v e  data. These w i l l  be brought out and l i s t e d  
as hypotheses inasmuch as the data do not j u s t i f y  o u t r i g h t  conclusions. 

Final ly,  t h i s  sect ion w i l l  show how the pre l im inary  task taxonomy, 
developed as a side e f f o r t  i n  t h i s  study, can be used i n  i n t e r p r e t i n g  the 
quant i t a t i  ve resul ts .  

PROPORTIONS OF SUCCESSFUL COMPLETIONS 

A simple index o f  the d i f f i c u l t y  o f  a task o r  the success o f  a work a i d  
i s  the propor t ion o f  times tha t  a task was completed successful ly i n  the c i r -  
cumstances given. Table 6-1 gives propor t ion o f  successful completions f o r  the 
same subject i n  performance o f  the  maintenance tasks. Each c e l l  i n  the tab le  
has a double entry, a r a t i o  and a percentage. The r a t i o  i s  provided t o  give 
the reader a c lea r  idea of what i s  involved. I t  is, i n  a sense, questionable 
&ethereight successes o f  eleven t r i e s  i s  as good a record as eleven successes 
out of f i f t e e n  t r i e s .  The denominators o f  the r a t i o s  d i f f e r  because each 
r a t i o  i s  based upon the number o f  " f a i r  t r i e s "  i n  a tes t .  
subject omit ted a task, or  the  subject 's  neutra l  buoyancy was inadequate, o r  
the  t e s t  d i r e c t o r  ins t ruc ted  the subject t o  sk ip a given step. 

I n  some cases, the 
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The denominator o f  each f rac t i on  represents the number o f  tasks 

A task was designated as not  com- 
attempted by the subject. 
t h a t  were attempted and completed. 
p le ted  when the subject s tated tha t  he could not complete the task. 
reasons f o r  noncompletion ranged from too l  inadequacies t o  subject 
fat igue. The blanks i n  the tab le  are f o r  t es ts  no t  performed by the 
subject. Tests 1.1.2.2. and 1.2.1.1. were performed by a d i f f e r e n t  
subject who never achieved good neutra l  buoyancy. Test 1.3.3.6. was 
conducted a t  the  request o f  the contract  monitor. Test 1.1.3.6. and 
1.2.3.6. were, therefore, never a c t u a l l y  scheduled. 

The numerator represents the number o f  tasks 

The 

The tab le  indicates tha t  a b e t t e r  performance was made w i t h  the 
use o f  the  birdcage and footstrap r e s t r a i n t s  than w i t h  any other  r e s t r a i n t  
system. This i nd i ca t i on  i s  a r e s u l t  o f  the considerations o f  the number 
o f  tasks attempted w i t h  each r e s t r a i n t  system. It should be recognized 
tha t  one of the weaknesses o f  q u a n t i t a t i v e  data f rom exploratory work i s  
t ha t  the t e s t  crew has the op t ion  t o  drop tasks tha t  seem too unreasonable 
t o  do. Thus, the  more d i f f i c u l t  res t ra in t s ,  such as the  three l eg  r i g i d  
restraint,were not tested as much and, therefore, should not be com- 
pared w i t h  the other  r e s t r a i n t s  on the basis  o f  the numerical data. 

The tab le  a l so  ind icates tha t  the lowest success i n  completion 
of  tasks was w i t h  the easiest  task sequence. This observation is most 
l i k e l y  an a r t i f a c t  o f  the order i n  which the various task sequences were 
done using each r e s t r a i n t  system. Figure 6-1 shows the propor t ion of 
successful task completions w i t h  each r e s t r a i n t  system t h a t  was used 
more than once. The notable po in t  i s  t ha t  i n  two o f  the three cases 
( foo t  r e s t r a i n t  and birdcage system), the easy task was done f i r s t .  
Thus, the learn ing e f f e c t  contaminates the task d i f f i c u l t y  data. Because 
the emphasis i n  exploratory work i s  on breadth ra ther  than depth o f  
coverage, such contamination i s  an i nev i tab le  p r i c e  t o  be pa id  i n  achiev- 
ing exploratory s tudies '  goals, 

The o v e r a l l  records o f  the three modes o f  s imulat ion used i n  the 
maintenance tasks are given i n  Table 6-2. 
perfect performance; the  f u l l  g r a v i t y  su i ted  tes ts  and the underwater t e s t s  
showed less than per fec t  performance, and f i n a l l y ,  the  t e s t s  in the six-degrees- 
of-freedom simulator showed per fec t  performance, A weakness i n  the data 
demonstrated tha t  the t e s t  planning f o r  the  six-degrees-of-freedom simulator 
took advantage o f  p r i o r  t e s t  resu l t s  and se t  up a t e s t  that  could be performed 
using tha t  method of simulation. T h i s  approach was advantageous for  breadth 
o f  coverage, but not f o r  depth. 

The shi r ts leeves t e s t s  showed 

TIMES TO COMPLETE THE TASKS 

A second possib le measure o f  a task and the associated work a ids  i s  the 
t ime t o  complete tha t  task when i t  can be completed. 
number o f  tasks t o  be considered, some approach i s  needed for  analyzing them. 
The data on t i m e s  t o  perform tasks w i l l  be organized i n  accordance w i t h  the 

Because o f  the great 
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TABLE 6-2 

SUMMARY OF MAINTENANCE TASKS COMPLETED 
TO MAINTENANCE TASKS ATTEMPTED 

Descr ip t ion  1 I X X  

One-g s h i r t s l e e v e  

One-g su i ted  
pressurized 

Six-degrees-of- 
f reedorn, sui ted 
pressurized 

Underwater su i ted  
pressurized 

68/68 

23/27 

59/68 

12xx 

46/46 

29/32 

31/32 

13xx 

56/56 

22/24 

54/60 

3 xxx 

21/21 

NOTE: L ike  t e s t s  a r e  indicated by tabular  d i v i s i o n  above. 
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task taxonomy discussed i n  Sect ion I o f  t h i s  repor t .  I t  w i l l  be seen t h a t  t h e  
data a re  e a s i l y  organized and understood i n  the  l i g h t  o f  t h e  c l a s s i f i c a t i o n  
system. 

DATA ON TASKS I N  MOTION 

Figure 6 - 2  shows the  t ime data on the  task  o f  t rave rs inq  t o  the  
work s t a t i o n  from the  hatch, a d is tance o f  approximately 1 1  ft. I t  
can be seen i n  Fiqure 6-2 t h a t  there  i s  no p a t t e r n  of  improvement over 
time. F igure 6-3 shows a composite o f  the  times for f i v e  d i f f e r e n t  
locomotion a ids.  These f i v e  graphs show the  h i s t o r y  f o r  each locomotion 
a id .  In the  graphs, i t  can be seen t h a t  w i t h  each locomotion a i d  except 
one, l a t e r  excursions were performed f a s t e r  than e a r l i e r  ones. Because 
data are  so sparse, i t  i s  d i f f i c u l t  t o  say whether the increase i n  t ime 
i n  the second t rave rsa l  w i t h  the  hand ho ld  r e f l e c t s  on the  locomotion aid. 
For t h i s  p a r t i c u l a r  t r a v e r s a l ,  t he  sub jec t  stopped on the  way, bu t  the  stop 
may o r  may no t  have been a d i r e c t  r e s u l t  o f  the  locomotion a id.  

Prior t o  complet ing the  examination o f  tasks i n  motion w i thout  a 
load, i t  i s  p e r t i n e n t  t o  review a task  in  mot ion w i t h  a load, such as 
t r a v e r s i n g  a somewhat sho r te r  d is tance back t o  the  hatch w i t h  the  main- 
tenance box attached t o  the  s h e l l .  The t ime h i s t o r y  o f  per forming t h i s  
task  i s  g iven in  Figure 6-4. The second use o f  the  b i r d  cage r e s t r a i n t  
system i n  t h i s  se r ies  i s  ou ts tand ing ly  long. Otherwise, there  i s  no 
i n d i c a t i o n  o f  change in  performance over time. Thus, t h e  locomotion a ids  
may be averaged meaningfu l ly  in  bo th  t h e  case o f  motion w i t h  and w i thou t  
a load. 

Figure 6-5 shows the  performance times f o r  t raversa l  w i t h  and 
w i thou t  loads. The r i g i d  p o l e  i s  common t o  both graphs and i s  among 
the best  locomotion a ids  i n  bo th  graphs. The i n t e r e s t i n g  d i f f e r e n c e  
between the two graphs i s  t h a t  w i thou t  a load, the  hand h o l d  (T-bar o r  
1adder)locomotion a i d  and the  rope t e t h e r  (which in p r a c t i c e  amounted t o  
a hand h o l d  locomotion a i d  due t o  the  sub jec t  us ing the  eye b o l t  r e s t r a i n t  
holders on the  mock up t o  t raverse instead o f  the rope) show no s i g n i f  i- 
cant improvement over the  t a u t  rope as a locomotion a id .  With a load, 
however, the  rope te the r  and hand h o l d  a re  a t  l e a s t  as good as the  r i g i d  
rope. With more data to substant ia te  the  graph i n  F igure 6-5 than a r e  
c u r r e n t l y  ava i lab le ,  i t  can be asserted t h a t  the presence o f  a load makes 
hand holds more usefu l  as a locomotion a id .  

The t h i r d  type o f  motion t h a t  appears i n  the  task taxonomy i s  
motion w h i l e  restra ined.  An example o f  t h i s  category i s  the  task  o f  
p u t t i n g  the  p ipe,  removed dur ing  the  hard task, into the  too l  k i t .  Figure 
6-6 shows the  times used by the subject  i n  completing t h i s  task. The 
best  performance was accomplished using the  birdcage r e s t r a i n t .  The worst 
performance came w i t h  the  use o f  t he  two- leg r e s t r a i n t ,  which i s  under- 
standable when one considers tha t  i n  using t h i s  r e s t r a i n t  the  sub jec t  had 
t o  detach and reat tach the  r e s t r a i n t s  as he moved toward the  too l  k i t  
t o  pu t  the  p ipe  away. 
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Figure 6-4. Times t o  Traverse t o  Hatch W i t h  Maintenance Box 
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I t  i s  d i f f i c u l t  t o  apply the task taxonomy t o  the cur rent  data because 
the experiments were set up whi le  the taxonomy was s t i l l  embryonic. 
the t e s t  a c t i v i t i e s  t ha t  were timed include more than one category o f  a c t i v i t y .  
An example o f  t h i s  i s  the graph i n  Figure 6-7. The task here i s  a combination 
o f  fe tch ing  bo l t s  from the t oo l  k i t  and t igh ten ing  them i n  the access panel, 
which has been put  back over the access opening. 

Many o f  

The birdcage does not compare as favorably as the s ing le- leg r i g i d  
r es t ra i n t .  
b o l t s  predominates i n  t h i s  s i t u a t i o n  i s  p a r t i a l l y  answered by the re la t ionsh ip  
between the two curves i n  the f igure.  The lower curve d i f f e r s  from the upper 
on ly  w i t h  respect t o  the add i t i on  o f  a too l .  I t  i s  p r a c t i c a l l y  p a r a l l e l  t o  the 
upper. I t  can t e n t a t i v e l y  be concluded from t h i s  f i gu re  and the preceding one 
t h a t  the birdcage i s  the best r e s t r a i n t  f o r  locomotion whi l e  restrained, but i s  
i n f e r i o r  i n  the j o b  o f  working w i th  bo l t s .  A p a r a l l e l  set  o f  cases w i l l  a r i s e  
la te r .  

The question as t o  whether ge t t i ng  the bo l t s  o r  t i gh ten ing  the 

ASTRONAUT I S  FREE AT H I S  WORK STATION 

This task category i s  not  heav i ly  represented i n  the maintenance tasks. 
An example that  occurs throughout the maintenance tasks i s  that  o f  a t tach ing  
the r e s t r a i n t  upon a r r i v i n g  a t  the work s ta t ion.  A s  seen i n  Figure 6-8, there 
i s  no c lear  pa t te rn  of learning i n  t h i s  task. Figure 6-9, however, shows an 
i n te res t i ng  d i s t i n c t i o n  between the learning pat terns o f  four r e s t r a i n t  systems. 
The r i g i d  leg res t ra in ts ,  e i t h e r  one o r  two leg, took longer t o  use the second 
t ime than the f i r s t .  The foot- s t rap and cage-strap systems, on the other hand, 
were systems i n  which the subject improved h i s  a b i l i t y .  The need t o  learn how 
t o  enter a cage o r  get set up i n  a foot- s t rap system i s  e a s i l y  understood. The 
reason f o r  the increase i n  t ime t o  engage the other two res t ra i n t s  systems t o  
the spacecraft mockup i s  not apparent and must go unexplained. 

Figure 6-10 shows the various res t ra i n t s  compared i n  terms o f  mean at tach-  
ment time. For t h i s  type o f  task, the birdcage and Gemini X I 1  type o f  s t rap 
r e s t r a i n t  systems took the longest. A s  mentioned i n  Section 5, these tes ts  
r e f l e c t  r esu l t s  about the conf igurat ion used and do not necessari l y  f u l l y  
evaluate the concepts. The d i f f i c u l t y  w i t h  the Gemini X I 1  type o f  s t r ap  
r e s t r a i n t  was tha t  the subject had t roub le  f i n d i n g  the ends o f  the straps. A 
design improvement may be possib le here. By f a r  the quickest attachment can be 
made w i t h  the s ing le  r i g i d  leg, which i s  somewhat easier t o  f i n d  and takes on ly  
one connection t o  complete the job.  

TASKS RESTRAINED AND STATIONARY 

As  seen i n  the task taxonomy c l a s s i f i c a t i o n  (Section I), the tasks tha t  
are  performed w i t h  the subject restra ined and s t a t i o n  may o r  may not require the 
subject t o  reach o r  s t r e t ch  t o  perform h i s  work. S t r i c t l y  speaking, t h i s  
c l a s s i f i c a t i o n  i s  interdependent w i t h  the res t ra i n t .  For example, the subject 
w i l l  have t o  s t r e t ch  fa r the r  t o  do a j o b  18 in .  ins ide the access opening when 



5:OO 

4:20 

3:40 

3 : O O  

2:20 

1 :40 
1 1 1 1  1 I44 

(One Leg) (Cage 1 

Order o f  Test i ng 
A-2 7552 

F igure 6- 7.  Example o f  Test A c t i v i t y  Covering 
More Than One Task Taxonomy Category 



m 
C 

c, 
v) 

.- 
c 
Y- 
0 
L 
aJ 
-0 
L 
0 



m 
C .- 
+.) 

VI aJ 
I- 
Y- 
0 
L 
0)  
U 
0 
I 

- m  - c  
- + I  

VI 
a, 
I- 
Y- 
O 

# - a  - =  

- .- 

I 

E &  

cn 
C 

+I 
ul 
aJ 
I- 
v- 
0 
L 
aJ 

0 

.- 

7 

m 
C 

+I 
v) 
a, 
I- 
% 
0 
L 
aJ 
-0 
L 
0 

.- 

+I 
C 

m 
L 
+I 
ul 
aJ 
Li 

.- 

m 
C .- 
m 
m m 
C w 
L 
0 
Y- 

.- 
I- 
C 
0 
+I 
a, 

*- 

c 

26 1 



C 
c 

- 
0 c s .. z T 

M el hl c 

- 

C 
- 

C 

m m 

U 
2 
t 

aJ 
m 
m 
6 
C w 
0 
u 

E .- 
I- 
C 
0 
u 
aJ 

.- 
c 

aJ m 
E 
aJ > a 

0 - 
I 
9 

e, 
L 

.- 
LL 



using the three r i g i d  leg res t ra i n t  than when he i s  using the cage res t ra i n t .  
The interdependence, as mentioned i n  the discussion o f  the taxonomy, i s  a 
problem t o  be worked i n  fu tu re  revis ions o f  the taxonomy. 

Figure 6-11 shows the performance o f  t w o  d i f f e r e n t  tasks i n  the 
order i n  which they were performed. I n  both tasks the r e l a t i v e  times 
associated w i t h  each r e s t r a i n t  are the same. The res t ra i n t s  are  used i n  
the same order i n  both cases. The two tasks are i n  the same category o f  
the task taxonomy i n  general, but  according to the fo rce  and d e x t e r i t y  
requirements, they would u l t ima te l y  be placed i n  d i f fe ren t  categories. 
Moving the wires was f~ j o b  tha t  could vary from 3 t o  9 min ( t h i s  task 
involved manipulat ing the fasteners tha t  he ld  the wires down). 
slow j o b  requ i r ing  high dex te r i t y .  
force. 
was fas ter  than when using e i t h e r  the birdcage o r  the Gemini X I 1  type o f  
st rap res t ra in ts .  The f l e x i b l e  s t rap res t ra i n t  i s  more c l e a r l y  i n f e r i o r  
inasmuch as add i t i ona l  t ime was required t o  perform the  task even though the 
task occurred l a t e r  i n  time and should have re f lec ted  some learning. 

T h i s  was a 
Cut t ing the b o l t  was a f as t  j o b  requ i r ing  

I n  both tasks the completion time when using the foot- s t rap res t ra i n t  

Figure 6-12 shows a d i f f e r e n t  task i n  which performance times using 
the birdcage and three r i g i d  leg r e s t r a i n t  conf igurat ions are less than 
t ha t  of  the foot- st rap , r es t ra i n t  configurat ion. 
maintenance box involves t o o l  manipulation, as do the other two. The 
dex te r i t y  requirement i s  not  as great as t ha t  f o r  moving wires and the 
force requirement i s  not  as great as t ha t  f o r  c u t t i n g  the bo l t .  The key 
t o  t h i s  task i s  ge t t i ng  i n t o  pos i t i on  qu ick ly  and g e t t i n g  the wires cut. 
I t  requires freedom o f  movement i n  a c lose area. I n  t h i s  task the foot- 
s t rap r e s t r a i n t  does not  show the advantage tha t  i t  showed f o r  tasks 
requ i r ing  fo rce  o r  f i n e r  dexter i ty .  

Cut t ing the wires t o  the 

The data i n  Figures 6-11 and 6-12 (even i f  there were enough data 
and they were s t a t i s t i c a l l y  s i g n i f i c a n t )  cannot be taken t o  mean t ha t  the 
foot- st rap r e s t r a i n t  is superior whenever great fo rce  i s  required i n  the 
performance o f  a task. Another important va r iab le  i s  the d i r ec t i on  o f  the 
force. Figure 6-13 shows three tasks requ i r ing  fo rce  i n  which the per- 
formance times cons is tent ly  decrease on each successive attempt. This is 
i n  contrast  to the instances i n  Figure 6-11, i n  which the Gemini X I 1  type of  
s t rap r e s t r a i n t  d i d  not  work as we l l  as the foot- st rap res t ra in t .  The 
general form o f  a learning curve fo r  t ime data cons is ts  o f  each successive 
gain i n  performance t ime being less than the l a s t  gain. Only one case i n  
Figure 6-13 shows the Gemini X I 1  type o f  st rap res t ra i n t  having less gain 
over the foot- strap r e s t r a i n t  than the foot- strap r e s t r a i n t  showed over the 
birdcage. This i s  the  task o f  sawing the bar. The task o f  f i l i n g  the 
notch i n  the bar before sawing shows a greater gain for the Gemini X I 1  
type o f  s t rap r e s t r a i n t  than might be expected. The gain i s  most dramatic 
i n  the cake o f  disengaging the pipe. This i s  the two-wrench task, which 
required more force than any other s i ng le  task. I n  a l l  o f  these tasks, 
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shown i n  Figure 6-13, t he  Gemini X I 1  type of s t r a p  r e s t r a i n t  i s  a t  leas t  as 
good a s  the  foo t - s t rap  r e s t r a i n t .  I n  a t  l eas t  one case, the Gemini X I 1  type 
o f  s t rap  r e s t r a i n t  i s  c l e a r l y  be t te r .  The d i f f e rence  between the  data i n  
Figure 6-13 and the  second graph i n  Figure 6-11 i s  t h e  d i r e c t i o n  o f  
force. When the  fo rce  i s  app l i ed  so as to  oppose the  r e s t r a i n t ,  t h e  Gemini 
X I 1  type o f  s t rap  r e s t r a i n t  works very we l l .  Th is  permi ts  the  assumption o f  
t h e  l ineman's p o s i t i o n  i n  i t s  bes t  form. When the  f o r c e  i s  app l i ed  i n  a 
d i r e c t i o n  i r r e l e v a n t  t o  t h e  r e s t r a i n t ,  as w i t h  t he  b o l t  c u t t e r s ,  t h e  tool 
grasped ( b o l t  c u t t e r s  i n  t h i s  case) becomes a r e s t r a i n t  f o r  a b r i e f  moment 
and the  h o l d  o f  t h e  r e s t r a i n t  system can be broken. As seen i n  Figure 
6-11, the  foo t- s t rap  r e s t r a i n t  i s  l e a s t  vu lnerab le  to  t h i s  sudden s h i f t  o f  
base w i t h  the  poss ib le  consequence o f  breaking the  pos i t i on .  

Because i t  was introduced l a t e  i n  the  se r ies  of  exp lora tory  t e s t s , t h e  
Gemini X I 1  type o f  s t rap  r e s t r a i n t  was not  compared w i t h  the  o ther  r e s t r a i n t s  
i n  many app l i ca t i ons .  The observat ions about i t s  outstanding performance 
i n  tasks r e q u i r i n g  great  fo rce  which oppose the  r e s t r a i n t  and i t s  r e l a t i v e  
l a c k  of  m e r i t  when d e x t e r i t y  i s  required o r  a d i f f e r e n t  fo rce  i s  exer ted are  
the  sole observat ions t h a t  can be made from the q u a n t i t a t i v e  data. 

Because the  r e s t r a i n t  devices and t o o l s  both were changed from task  
t o  task, i t  i s  d i f f i c u l t  t o  s o r t  ou t  t he  d i f f e rences  between performances 
as a t t r i b u t a b l e  to  r e s t r a i n t  o r  t oo l .  Figure 6-14 shows a comparison 
t h a t  can reasonably be r e l a t e d  t o  d i f f e rences  between too ls .  I n  Figcrre 
6- 14,  the  data a r e  shown f o r  th ree tasks in  which t h e  sub jec t  had t o  
reach and s t r e t c h  t o  the  same p o i n t  i n  the  maintenance mockup. The task  
r e l a t e d  t o  a tube which came from the top o f  the  maintenance box t o  the  
s ide  o f  the  mockup. 
the  tube using t w o  wrenches, i n  the  second w i t h  one wrench,and i n  the  t h i r d  
the  subject  was t o  t u r n  o f f  a va lve  on the  tube l i n e .  Doing the  j o b  w i t h  
two wrenches us inq  the  birdcage r e s t r a i n t  system and a hook and crescent-  
wrench took 50 percent longer than using two open-end wrenches and the  foo t - s t rap  
r e s t r a i n t .  I n  t h e  one wrench task  the  foo t - s t rap  r e s t r a i n t  w i t h  a crescent 
wrench d i d  not l ook  as good as the  combination o f  t he  birdcage and an 
open-end wrench. F i n a l l y ,  i t  i s  no tab le  t h a t  when no t o o l s  were involved, 
the  t w o  r e s t r a i n t  systems gave v i r t u a l l y  i d e n t i c a l  t imes on both the f i r s t  
and second attempt. On t h e  bas is  o f  t h e  r e s u l t  w i th  no t o o l  i t  i s  reason- 
ab le  t o  suppose t h a t  t he  d i f f e r e n c e  may be a t t r i b u t a b l e  to  the type o f  t o o l  
used. The shor t  t ime performance i n  the  f i r s t  two graphs i n  Figure 6-14 
i s  associated w i t h  open-end wrenches,while the  longer performance t ime i s  
associated w i t h  a crescent wrench. Thus, the  three graphs i n  Figure 6-14, 
taken together, lead t o  t h e  hypothesis t h a t  an open end wrench i s  super io r  
i n  t h i s  task t o  a crescent wrench. 

In  the  f i r s t  task, the sub jec t ' s  j o b  was t o  disengage 

The f i n a l  task  category t o  be considered i s  t h a t  o f  working i n  place, 
reaching,and s t r e t c h i n g  w i t h  a load. Figure 6-15 shows a cont ras t  involv-  
ing  loads reminiscent o f  t h a t  concerned w i t h  motion i n  connect ion w i t h  
Figures 6-6 and 6-7. I n  the  f i r s t  graph, there  are  two tasks f o r  which 
the  data a re  drawn. Both tasks invo lve  moving a load and s t a r t i n g  t o  secure 
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i t  t o  the parent mass. For both tasks, the cage res t ra in t ,  which was used 
f i r s t ,  takes less time than the three r i g i d  legs; and for removing the 
maintenance box, the cage r e s t r a i n t  takes less time than the foot- strap 
res t ra in t .  This i s  s im i l a r  t o  the case o f  being i n  restra ined motion w i t h  
a load. Also i n  Figure 6-15 i s  a graph o f  the changeover time i n  the perfor-  
mance o f  a task invo lv ing reaching and stretching, p a r t l y  w i t h  a load and p a r t l y  
working w i t h  too ls  t o  remove tow bo l t s .  The birdcage r e s t r a i n t  system leads 
t o  a s l o w  performance, whi le  the foot- s t rap r e s t r a i n t  leads t o  a speedy per- 
formance. As i n  Figure 6-7, a r i g i d  leg r e s t r a i n t  i s  superior t o  the birdcage. 
The r e s t r a i n t  i n  Figure 6-7 was a one-leg device; i n  t h i s  case i t  i s  a two-leg 
res t ra in t .  Again, the j ob  o f  loosening b o l t s  overr ides the aspects o f  the 
task concerned w i t h  f l e x i b i l i t y  o f  motion and o f  st retching.  

I t  would be tempting to conclude t ha t  the birdcage r e s t r a i n t  system 
i s  the best system tested so f a r  f o r  tasks i n  motion o r  invo lv ing stretching. 
S t r i c t l y  speaking the  numerical data o f  the study are too sparse and un- 
r e l i a b l e  f o r  tha t  conclusion. There i s  a lso the problem o f  contamination 
among variables. Figure 6-16 i l l u s t r a t e s  a problem i n  which the mutual 
in teract ions o f  learning, the r e s t r a i n t  device and the too l  used make i t  im- 
poss ib le  to a t t r i b u t e  the d i f ferences seen i n  the graph t o  one variable. 
As seen i n  the f igure,  there i s  a general tendency f o r  times t o  decrease 
i n  successive attempts t o  do the job.  The birdcage system i s  used ear l y  
i n  pract ice,  so i t  appears i n f e r i o r  on tha t  account. Also, the C-clamp 
i s  a most unwieldly t o o l  f o r  weightless work; the C-clamp represents a 
near ly unworkable l i m i t  i n  clamps. The subject has t o  use two hands t o  
operate the clamp o r  e lse  t r y  t o  con t ro l  the s i ze  o f  the opening o f  the 
clampls jaws by grasping the threaded handle and swinging the res t  o f  the 
clamp around, using these threads as a ro ta t i ona l  axis. The type o f  data 
represented i n  Figure 6-16 makes i t  d i f f i c u l t ,  i f  not impossible, t o  so r t  
ou t  of the e f f ec t s  o f  learning, tools, r e s t r a i n t s  and other associated 
factors. Most o f  the data co l lec ted  i n  the study were o f  t h i s  sort.  The 
data represented i n  Figures 6-2 through 6-15 provide more opportuni ty t o  
draw conclusions f o r  a va r ie ty  o f  reasons. Some categories were repeated 
i n  r e l a t i v e l y  pure comparisons. Some comparisons were based on a systematic 
change i n  one dimension along w i t h  other changes presumed t o  make l i t t l e  
difference. Some comparisons occurred repeatedly i n  d i f f e r e n t  circumstances 
but  pointed t o  the same resu l t .  

An example o f  the value o f  cross-comparison i n  so r t i ng  ou t  sources o f  
d i f fe rences was given i n  connection w i t h  Figures 6-6, 6-7, and 6-15. I n  
t h i s  set of  graphs, the observation was made t ha t  the b i r d  cage r e s t r a i n t  
i s  associated w i t h  speed o f  task performance i n  tasks requ i r ing  res t ra ined 
motion o f  reaching and stretching, unless the j o b  o f  t ighten ing b o l t s  
entered i n t o  the task. Figure 6-17 gives more information on t h i s  general 
area. The task represented i s  t ha t  of removing a l l  four  b o l t s  from the access 
panel before the subject s t a r t s  work ins ide the maintenance mockup 
reason on ly  f i v e  t es t s  are represented i s  t ha t  the number o f  b o l t s  the subject 
was required t o  remove was unsystematical ly var ied from four  t o  two t o  none. 

(The 
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This  was done a t  the  d i r e c t i o n  o f  t he  human engineer ing observer and t e s t  
d i r e c t o r  t o  f a c i  1 i t a t e  a r r i v i n g  a t  the observat ions o f  qual i t a t i v e  performance 
mechanisms, which a r e  reported i n  the  preceding p a r t  of t h i s  sect ion.) I n  
F igure 6-17 i t  can be seen t h a t  l ea rn ing  i s  n o t  a great  f a c t o r  i n  determining 
how long i t  took t o  remove the  f o u r  b o l t s  i n  the  panel. Learning may w e l l  
exp la in  the  d i f f e r e n c e  i n  t imes between performance on Task 1 1 1 1 ,  us ing a 
s i n g l e  l e g  r e s t r a i n t ,  and Task 1133, i n  which a th ree- leg r e s t r a i n t  was used. 
But l ea rn ing  w i l l  no t  exp la in  why the b i rdcage r e s t r a i n t  led  t o  the  best  per-  
formance time. Comparing t h i s  r e s u l t  to  the c o n t r a s t i n g  r e s u l t  i n  F igure  6-8 
and the  second graph i n  F igure  6-16 leads t o  the  observat ion t h a t  when two 
b o l t s  and shor t  d is tances f o r  reach a r e  involved, the b i rdcage does n o t  compare 
excep t iona l l y  we l l .  
then the  f a c t o r s  o f  motion, reach, and ease o f  f i n d i n g  p o s i t i o n  en te r  i n  and 
the b i rdcage r e s t r a i n t  looks best. The quest ions as t o  how much distance, what 
k i n d  o f  b o l t s  and what k i n d  of too l ,  etc., p o i n t  t o  the  need f o r  a d d i t i o n a l  
study t h a t  w i l l  concentrate on task elements such as simple reach, removing 
one bo l t ,  and so f o r t h .  I t  should a l s o  be po in ted o u t  t h a t  be fore  exp lo ra to ry  
tes ts  o f  the  k ind  reported here were completed, such a systematic study would 
have been premature. I t  was necessary f i r s t  to get  i n t o  the t e s t  s i t u a t i o n  t o  
get  an idea o f  the  mechanism o f  keeping i n  p lace i n  a simulated environment 
and the general problems o f  g e t t i n g  work done under the  t e s t  condi t ions.  

But when f o u r  b o l t s  a r e  spread over a l a rge r  distance, 

USE OF THE QUANTITATIVE DATA I N  PLANNING 

The numerical data c o l l e c t e d  cannot be considered a f i n a l  basis f o r  con- 
c lus ions  on how a program o r  " i n  space" maintenance should be planned. I t  i s  
possible, however, to make some use o f  the  data u n t i l  more dependable f i g u r e s  
a r e  obtained. F igures 6-18 and 6-19 show the performance times f o r  two f rag-  
ments o f  tes ts .  I n  F igure 6-18, the t e s t  from which the sec t ion  i s  taken, i s  
the so- cal led " d i f f i c u l t  test,' ' the one r e q u i r i n g  more d e x t e r i t y  than the  bas ic  
easy tes t .  I t  i s  no tab le  f o r  t h i s  sequence o f  tasks t h a t  the  foo t- s t rap  
r e s t r a i n t  i s  genera l ly  associated w i t h  a shor ter  performance t ime than the  b i r d -  
cage r e s t r a i n t .  This sequence involves a number o f  tasks r e q u i r i n g  s tab le  
p o s i t i o n i n g  f o r  one o r  two minutes w h i l e  the  subject  concentrates on the  a c t i o n  
o f  h i s  gloved hands. I f  a dec is ion  had t o  be made q u i c k l y  on which type o f  
r e s t r a i n t  system t o  use f o r  t h i s  type o f  sequence, the  foo t- s t rap  r e s t r a i n t  
would be chosen. I t  should be noted t h a t  the choice o f  r e s t r a i n t  f o r  a task 
sequence w i l l  be improved by the fo l lowing.  

a. Tests on improved con f igu ra t i ons  o f  the  r e s t r a i n t  concepts 

b. More i n tens i ve  study o f  c e r t a i n  r e s t r a i n t s  and tasks w i t h  
several sub jec ts  

c. A usefu l  task taxonomy which would r e l a t e  the tasks on which 
the t e s t s  were conducted t o  those to be done i n  space i n  a 
manner t h a t  makes i t  poss ib le  t o  general i z e  r e s u l t s  
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Figure 6-19 shows the performance times using three d i f f e r e n t  
r e s t r a i n t  systems o f  a sequence f rom the hard task ser ies,  the job f o r  
which the subject was required to exer t  force. Most o f  these jobs have 
been seen before i n  t h i s  chapter. Note tha t  no res t ra i n t  predominates 
as best. The birdcage i s  best f o r  pu t t i ng  away the pipe; the Gemini X I 1  
type o f  st rap r e s t r a i n t  i s  best f o r  jobs invo lv ing force i n  oppos i t ion 
t o  the straps, such as disengaging the pipe. The foot- s t rap r e s t r a i n t  
appears best  f o r  jobs requ i r ing  prolonged dex te r i t y  work and the ,job o f  
c u t t i n g  the b o l t ,  which requires the exer t ion o f  force i n  a d i f f e r e n t  
d i r ec t i on  from the tension exerted by the subject against the mock-up. 
This l a s t  example, c u t t i n g  the b o l t ,  leads t o  a new po in t  on the use o f  
quan t i t a t i ve  data in  planning. The d i f fe rence  involved w i t h  c u t t i n g  the 
b o l t ,  though systematic as explained e a r l i e r  i n  t h i s  chapter, i s  not  
great. It does not  have as much impact on t o t a l  performance time as the 
d i f fe rence  i n  disengaging the pipe. 

Such a considerat ion leads t o  the p l o t t i n g  o f  a graph such as t ha t  
i n  Figure 6-20, i n  which the various maintenance tasks studied are rank 
ordered according t o  the time consumed i n  performing them. As indicated 
previously,  the task o f  disengaging the p ipe unions i s  t o  the l e f t  on the 
graph, representing a high mean time, and tha t  o f  c u t t i n g  the b o l t  i s  
near the r i g h t ,  representing a low mean time. With the use of  information 
such as t ha t  portrayed i n  Figure 6-20, the decis ion would be t o  use the 
Gemini X I 1  type o f  strap res t ra in t .  I n  t h i s  case i t  would be even more impor- 
tan t  than in the l a s t  case t o  have information on improved versions o f  the 
res t ra i n t s  involved, a more intensive study o f  ce r t a i n  r es t ra i n t s  and tasks, 
and a useful  task taxonomy. 

The data p l o t t e d  i n  Figure 6-20 provide the basis fo r  s t i l l  another 
In a development program decisions have t o  be type of  planning decision. 

made on where t o  put  the greatest  research emphasis. One guide would be 
the po ten t ia l  saving i n  time t o  perform the tasks tha t  could r esu l t  from 
a development program. 
take a long t ime would be the more l i k e l y  tasks i n  which improvement could 
be made by a study e f f o r t .  

This would i n  tu rn  mean tha t  those tasks which 

It i s  notable t ha t  t he  three longest tasks involve fasteners and tha t  
the tasks ranked f i f t h  and e ighth  involve fasteners, wh i le  fasteners are 
not  involved i n  those tasks on the low time consumption end o f  the continuum. 
On the basis o f  h i s  observations, the human engineering observer concluded 
tha t  the c h i e f  hardware development problem in  weightless maintenance i s  
fasteners. These data support tha t  view. 

I n  Table 6-1 i t  was indicated that  there were 15 tasks " f a i r l y "  
attempted by the subject whose data are represented i n  tha t  table,  which 
he could not  complete. These 15 tasks are  broken down as fo l lows: 

Tasks Invo lv ing fasteners: 6 
Tasks invo lv ing clamps: 4 
Disengaging pipe unions: 3 

D r i l l i n g  out  a r i v e t :  1 

1 Re1 eas ing and pos i t ion i ng 
the hatch panel: 
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It i s  notable tha t  the tasks invo lv ing fasteners lead t o  more f a i l u r e s  
than o ther  tasks. This r esu l t  i s  hard t o  i n t e rp re t  because o f  the f ac t  that  
tasks were not t r i e d  under uniform condi t ions a t  a l l  times and because the 
f a i l u res  invo lv ing fasteners are not  given as a propor t ion o f  number o f  
attempts t o  work w i t h  fasteners. 
made, i t  i s  best deferred u n t i l  l a t e r  work under more con t ro l led  condit ions. 

Though such a computation can eas i l y  be 

COMPARISON OF SIMULATION MODES 

The completion times f o r  f i v e  tasks o f  the hard maintenance t e s t  ser ies 
performed i n  underwater zero-g simulation, i n  suspension zero-g simulation, 
and a t  one-g are presented i n  Figures 6-21 and 6-22. The on ly  r e s t r a i n t  used 
i n  the zero-g suspension s imulat ion was the Gemini X I 1  type o f  st rap res t ra i n t .  
This r e s t r a i n t  mode had t o  be used f o r  comparing the underwater times w i t h  the 
suspension times. The strap r e s t r a i n t  was not  tested in the one-g tests. Com- 
parisons were made o f  the one-leg r e s t r a i n t  tes ts  conducted a t  one-g and under- 
water and hypotheses drawn a s  t o  the di f ferences between the suspension simu- 
l a t i o n  and one-g condi t ions from the respective comparisons t o  the underwater 
s imulat ion tests. D i rec t  comparison cannot be made due t o  the lack o f  an 
orthogonal experimental design. Consequently, the hypotheses drawn from the 
one-g tes ts  i n  r e l a t i o n  t o  the suspension tes ts  must be regarded l i g h t l y .  

The length o f  t ime necessary t o  perform the f i v e  tasks f o r  the unsuited 
one-g, su i ted one-g, and su i ted underwater condi t ions are  presented i n  Figure 
6-21. Task completion times f o r  the sui ted one-g and sui ted underwater tes ts  
were greater than those f o r  the unsuited one-g t es t  i n  a l l  cases. Task com- 
p l e t i o n  times fo r  the su i ted underwater t es t  were greater than those f o r  the 
unsuited one-g t es t  i n  a l l  cases. Task completion times f o r  the su i ted under- 
water t es t  were greater than those f o r  the su i ted one-g t e s t  i n  a l l  cases 
except f i l i n g  a notch i n  the bar. I t  was mentioned e a r l i e r  tha t  a decrease 
i n  completion time occurred w i t h  increased pract ice .  Since the task was per- 
formed a t  one-g before i t  was performed underwater, the shorter  time needed 
t o  complete t h i s  p a r t i c u l a r  underwater task may be due t o  increased pract ice.  
Figure 6-22 shows tha t  performance times f o r  the f i v e  tasks were greater i n  
a l l  cases dur ing suspension s imulat ion then dur ing underwater simulat ion. 

From the aforementioned, the fo l low ing  can be hypothesized. 

a. Task performnace i s  the quickest when the man i s  unsuited and 
working a t  one-g. 

b. Task performance i s  quicker f o r  a man working i n  a pressure s u i t  a t  
one-g than f o r  a man i n  a pressure s u i t  i n  an underwater, zero-g 
s imu l a  ted cond i t i ons. 

c. Task performance i s  slower f o r  a man working i n  a pressure s u i t  i n  
the zero-g suspension simulator. 

d. Task performance i s  shorter  f o r  a man working i n  a pressure s u i t  
a t  one-g than f o r  a man working i n  a pressure s u i t  i n  the zero-g 
suspen s ion s imu 1 a tor .  
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NUMERICAL RESULTS, SUMMARY, HYPOTHESES,AND CONCLUSIONS: 

One o f  the d e l i b e r a t e  choices made i n  p lanning t h i s  study was t o  
permi t  contaminat ion o f  the data and general s p a r c i t y  o f  the data t o  
f a c i l i t a t e  breadth o f  coverage. 
i n  the  f i r s t  p a r t  o f  the  r e s u l t s  section,which g ives a great  deal o f  
d e t a i l e d  in format ion  on weight less work. This type o f  in format ion  becomes 
the  bas is  f o r  an engineering " fee l"  f o r  the  problem o f  weight less work. 
The a l t e r n a t i v e  t o  broad coverage would have been deep coverage o f  some 
aspects o f  weight less work. Without an i n i t i a l  broad study i t  i s  almost 
a c e r t a i n t l y  t h a t  such depth would have been misplaced. For example, a 
de ta i l ed ,  c o n t r o l l e d  study for  r e s t r a i n t s  would n o t  have uncovered the  
problems involved w i t h  fasteners and clamps. 

The b e n e f i t s  o f  such a s t ra tegy  a r e  seen 

The p r i c e  p a i d  f o r  the  " fee l"  f o r  the  problem was numerical data o f  
l i m i t e d  usefulness. This i s  a low p r i c e  when one considers t h a t  i n  most 
new technology development, numerical data a r e  used r e l a t i v e l y  l a t e .  
This sec t ion  on numerical data has shown how such data can be used. It 
has a l s o  shown how such data can be in te rp re ted  i n  the  l i g h t  o f  a task  
taxonomy. A f i n a l ,  general t rend i n  the  d iscussion o f  thenumer ical  data 
i s  the  dependence o f  number i n t e r p r e t a t i o n  on the work pos i t ions ,  
t o o l s ,  hand grasps and the  o the r  items t h a t  c o n s i t u t e  a human engineer ing 
" fee l"  f o r  the  problem. The d iscussion of the  numerical data i n  t h i s  
sec t ion  leads t o  the  f o l l o w i n g  hypotheses and conclusions 

a. Hypotheses 

1 .  Task success data are  a v a l i d  i n d i c a t o r  o f  the value 
o f  work a ids  and the  d i f f i c u l t y  o f  tasks. 

2. Time data can be organized so as t o  ind i ca te  the  
value o f  work a ids  and the  d i f f i c u l t y  o f  tasks. 

3. A task  taxonomy can be formulated such t h a t  work a ids  
rank order  cons is ten t l y  w i t h i n  classes. 

4. The Gemini X I 1  type o f  s t rap  r e s t r a i n t  i s  best f o r  tasks 
r e q u i r i n g  fo rce  opposing the  tension o f  the st raps.  

5. The birdcage r e s t r a i n t  system i s  best f o r  tasks 
r e q u i r i n g  mobi l  i t y  w h i l e  restra ined.  

6. The foo t- s t rap  r e s t r a i n t  i s  best  f o r  (a) tasks requ i r i ng  
prolonged dexterous work i n  p lace and (b) tasks r e q u i r i n g  
fo rce  no t  opposing the p o s i t i o n  tension. 

7. Time data can be used as a t rade- o f f  guide i n  (a) the  
choide o f  work a ids  and (b) the  p lann ing o f  development 
programs. 
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b. Concl os ions: 

1 .  Numerical data must be i n te rp re ted  i n  con junc t ion  w i t h  
the mechanisms o f  task  performance noted by a competent 
human engineer ing observer. 

2. In  experiments where the  a n a l y t i c  r e s u l t s  a re  important, 
depth must take precedence over breadth. Th is  has th ree 
p r i n c i p a l  c o r o l  4 ar  ies: 

The e f f e c t s  o f  t ime var iab les  such as learn ing ,  
f a t i gue ,  and warm-up must be con t ro l l ed .  

Enough subjects must be used t o  prov ide  s t a t i s t i -  
c a l l y  dependable comparisons. 

Experimental cond i t ions  must be planned so t h a t  
comparisons are  uncontaminated by i r r e l e v a n t  
d i f f e rences  between data po in ts .  
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SECTION 7 

Height 
cm 

178.5 

165.5 

PHYSIOLOGICAL RESULTS 

Body Surface Area 
m2 

1.81 

1.89 

GENERAL 

Although the  major emphasis i n  t h i s  e f f o r t  was to assess the  human 
engineering and human fac to rs  dur inq  simulated EVA task  performance using 
the  neu t ra l  buoyancy technique, phys io log i ca l  data were obtained t o  moni tor  
the w e l l  being of the sub jec ts  and t o  measure the  phys io log i ca l  costs o f  
performing EVA tasks i n  r e a l  time. A l l  t e s t i n g  was exp lora tory  i n  nature, 
and the phys io log ica l  data obtained represents the  changes which occurred 
and cannot be compared w i t h  data  der ived under labora tory  condi t ions,  
The exp lora tory  tasks presented quest ions such as, "Can a man perform 
t h i s  p a r t i c u l a r  j o b  and how long does i t  take?" The subjects were 
allowed t o  set  t h e i r  own work pace and t o  modify tasks j u s t  t o  ge t  them 
done. Thus, the  phys io log ica l  data can be compared between types o f  sim- 
u l a t i o n  o n l y  i n  terms of values a t  r e s t ,  peak values, and i n  c o r r e l a t i o n  
t o  human f a c t o r s  observat ions. 

Metabol i c  ra tes ,  hea r t  rates,  and r e s p i r a t o r y  ra tes  were measured 
du r ing  the  performance of the var ious tasks described p rev ious l y  i n  each 
o f  the one-g, zero-g s i x  degrees-of-freedom simulat ion, and neu t ra l  buoyancy 
condi t ions.  
the  tests,  and t e s t s  were no t  delayed o r  aborted i f  the  phys io log i ca l  sensor 
systems d i d  not  func t ion .  

The a c q u i s i t i o n  o f  these data  were secondary ob jec t i ves  o f  

METHODS 

The techniques u t i l i z e d  t o  o b t a i n  the  phys io log i ca l  data were mod i f i -  
ca t i ons  o f  standard methods. Two subjects were studied. The i r  phys ica l  
c h a r a c t e r i s t i c s  a re  presented in  Table 7-1. 

Subject 

G. R. 

TABLE 7- I 

ANTHROPOMORPHIC 

Weight 
kgm 

70 

78 
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METABOLIC RATES 

The bas ic  system con f igu ra t i on  was presented i n  the  sec t ion  on 
apparatus. The sub jec t 's  oxygen consumption was ca lcu la ted  from raw data 
obtained on the  gas f low through the  pressure s u i t  and t h e  change i n  oxygen 
concent ra t ion  between the  i n l e t  and o u t l e t  f i t t i n g s  o f  the s u i t .  
Gas f l o w  was c o n t r o l l e d  and measured using e i t h e r  a Texas Instrument 
mass flowmeter o r  a c a l i b r a t e d  o r i f i c e  f low sect ion. The appropr ia te  
pressure and temperature measurements were made t o  a l l ow  co r rec t i ons  to  
standard pressure, temperature, and dry  condi t ions.  S u i t  i n l e t  and o u t l e t  
oxygen concentrat ions were measured using a CEC c y c l o i d a l  type of mass 
spectrometer. A major assumption i n  the  use o f  t h i s  technique i s  t h a t  
there  was complete m ix ing  of  the resp i red  gases w i t h  the s u i t  f l o w  gas. 
Sampling was performed a t  t he  i n s t r u c t i o n  o f  t h e  t e s t  coord ina tor  and 
data p o i n t s  were chosen t o  co inc ide  w i t h  the  sub jec t ' s  a c t i v i t i e s .  
Metabol ic  ra tes  were ca l cu la ted  by t h e  equations presented l a t e r  i n  
t h i s  sec t  ion. 

ELECTROCARDIOGRAPH 

Continuous electrocardiograms were recorded using a three- electrode 
Recording system cons is t i ng  o f  a b i p o l a r  modi f ied  Y-4 lead and a ground. 

and moni to r ing  was done on a two-chqnnel recorder. A l l  t r ac ings  were made 
a t  a paper speed of 5 mm per  sec. 

RESPIRATORY RATE 

Respiratory r a t e  was monitored by a short- t ime constant thermis tor  
attached t o  the boom microphone o f  t he  pressure s u i t  helmet. The output  
o f  t h i s  instrument was recorded on the  Beckman two-channel recorder a t  a 
paper speed of  5 mm per  sec. Respiratory ra te  was obta ined as  the  
excursions o f  the thermis tor  s igna l  corresponding t o  the temperature 
f l u c t u a t i o n s  o f  the  i nsp i red  and exp i red  r e s p i r a t o r y  gas. 

I n  order  t o  p l o t  a t ime p r o f i l e  of ECG and r e s p i r a t o r y  r a t e  changes 
w i t h  a c t i v i t y ,  a more comprehensive approach on data  c o l l e c t i o n  was made i n  
the  l a t e r  tes ts .  Th is  was done i n  an attempt t o  no te  t h e  e f f e c t  on the  
sub jec t  of t h e  var ious  steps du r ing  subject  preparat ion.  
were taken for the fo l l ow ing  in terva ls .  

Data p o i n t s  

a. Subject i n  p o s i t i o n  on the  p l a t f o r m  w i t h  cables attached, v i s o r  
open, no weights attached 

b. Visor open, weights at tached 

C. V isor  closed 
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d. 

e. 

f. 

9. 

h. 

i. 

.L 

Pressurized p r i o r  t o  descent 

Descent t o  bottom 

On bot tom 

Work session, in te rva ls  a t  d i r ec t i on  o f  t e s t  conductor 

End o f  work 

A f t e r  ascent v i so r  closed 

Depressurized, v i so r  open 

RESULTS 

The phys io log ica l  data obtained during one-g are shown i n  Figures 7-1 
through 7-6, dur ing neutral  buoyancy i n  Figures 7-7 through 7-17, and during 
zero-g s imulat ion i n  a six-degrees-of-freedom gimbal simulator i n  Figures 
7- 18 and 7- 19. 

I n  comparing these data, several d i f ferences a r e  noted. These di f ferences 
are shown i n  Table 7-2. The rest  values f o r  metabol ic rates are averages f o r  
a t  least  s i x  determinations and the maximum measured values are s i f ig le observa- 
t ions. 

TABLE 7-2 

COMPARISON OF METABOLIC RATES 
Btu/hr 

Neut ra 1 buoyancy 

I t  i s  evident t ha t  there i s  a s imulat ion e f f e c t  on the data obtained. 
For example, the res t i ng  r a t e  in  zero-g i s  l e s s  than one-g, which i s  less than 
the  neut ra l  buoyancy values. 
man being completely supported so t ha t  the metabol ic cost  o f  maintain ing 
balance and posture were not f ac to r s  i n  determining the t o t a l  metabol ic 
rate. The addi t iona l  metabol ic cost  i n  the one-g s imulat ion represents the 
add i t iona l  cost  o f  the use o f  postural  muscles and a greater heat load. 
The twofold increase noted w i t h  neut ra l  buoyancy resu l t s  from the subjects' 
having t o  exer t  a reac t i ve  fo rce  to maintain balance and pos i t i on  dur ing 
the s imulat ion and the temporal e r ro r  induced by the long sample l i n e s  
used in  the underwater simulation. 

The lower zero-g values are the e f f e c t  of a 
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The h igh peak values of the zero-g s imulat ion resu l t  from the h igh 
cost  o f  prov id ing the reac t i ve  force necessary t o  accomplish any task, 
Throughout these work sessions the subjects complained o f  no t  being able 
t o  achieve and maintain a desired pos i t ion,  and had t o  exer t  a tremendous 
e f f o r t  t o  accomplish even a simple task. I t  is i n te res t ing  to note  t h a t  
the highest  metabol i c  ra tes  were measured dur ing the  maintenance tasks 
and p a r t i c u l a r l y  w i t h  the removal of the maintenance box, 
problems in  pos i t i on ing  t o  reach the re ta i n i ng  bol ts,  
and sawing were a lso  major problems in  the zero-g conf igurat ion.  

cated by several factors, I t  i s  probable t ha t  the thermal loss o f  the 
subject i s  increased and resu l t s  i n  lower metabol ic rates, There a lso 
ex i s t s  the ef fect  of the drag introduced by the water medium, and a lso 
the r e l a t i v e  ease w i t h  which the subject could bend the s u i t  i n  the 
water medium as compared t o  an a i r  environment. The r o l e  o f  thermal 
exchange and bending forces i n  the s u i t  are areas which requ i re  c l a r i f i -  
ca t ion  i n  fu ture  studies. I t  should be noted t h a t  the greatest  po r t i on  o f  
the decrease i n  metabol ic ra tes  i s  probably due t o  the subjects' being 
able t o  take be t te r  advantage of  t h e i r  r e s t r a i n t  systems dur ing under- 
water simulations. 

This resu l ted from 
F i l i ng ,  d r i l l i n g ,  

The lower peak values seen w i t h  the underwater studies are cornpli- 

I n  general, metabol ic ra tes  remained below 2000 Btu/hr regardless 
o f  s imulat ion techniques, Heart rates were never greater than 140 beats 
per m i n  during underwater t e s t s ,  and thus compare w i t h  those seen on 
Gemini XII. The highest  heart  ra tes  were noted dur ingzero-gs imula t ion 
where they reached 155 beats per min during a d r i l l i n g  exercise. 

Sweating was a major problem w i t h  a l l  modes o f  s imulat ion and work 
tasks. S ta r t  of sweating could not be correlated w i t h  metabol ic rates, 
This po in ts  t o  the need f o r  body core temperature measurements and even 
thermal exchange w i t h  the atmosphere t o  evaluate sweating, metabol ic 
rates, and work, 

I n  attempting t o  evaluate the stepwise procedures i n  subject  prep- 
ara t ion  for the e f f ec t s  of v i so r  closure, pressurizat ion, descent t o  the 
bottom and ascent from the bottom, i t  i s  obvious t ha t  the a c t i v i t i e s  per- 
formed by the subject and h i s  handlers completely masked any e f f e c t  which 
might have been present. 
emotional st ress i n  an t i c i pa t i ng  the tasks. Heart ra tes  showed no peaks 
which would ind icate  emotional stress. I n  fact, t h i s  was t r u e  throughout 
a l l  tests, i nd ica t ing  the emotional s t a b i l i t y  o f  the subjects and t h e i r  
acceptance o f  the various environments. 

From these data one can say there was no 

Figure 7-20 presents the co r re la t ion  between metabolic ra te  and 
heart r a t e  rep lo t ted  from Figures 7-13 through 7-15. 
heart r a t e  increased w i t h  metabol ic rate,  but  on ly  in  the t e s t  w i t h  
construct ion o f  the large r i g i d  module does there appear the l i nea r  
re la t ionsh ip  noted w i t h  ca l ib ra ted  subjects performing con t ro l led  
exercise in  a constant environment. P lo t s  o f  a l l  tes ts  were made, and 
the r i g i d  t e s t  was the on ly  one y i e l d i ng  the re la t ionsh ip .  Most p l o t s  
resu l ted i n  scat ter  grams as seen w i t h  the f o l d i ng  panel app l i ca t ion  i n  

As expected, 
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Figure 7-20. Therefore, w i t h i n  the const ra in ts  on the data imposed by 
exp lora tory  test ing,  i t  would be impossible t o  der ive metabol ic rates from 
heart  rates even f o r  ca l  i brated subjects. The discrepancy between heart ra te  
and metabolic r a te  probably l i e s  i n  d i f ferences and/or lack o f  thermal balance 
dur ing tes t ing .  Brouha ( r e f .  22) has reported the e f f e c t  o f  heat on t h i s  d i s-  
crepancy. He fu r ther  indicated t ha t  if work i s  performed a t  h igh temperatures, 
f u l l  phys io log ica l  recovery lags f a r  behind tha t  o f  the  oxygen consumption. A 
thermal eva luat ion f o r  t h i s  type o f  t e s t i n g  i s  therefore  essent ia l  to  completely 
understand the heart rate-metabol i c  ra te  re la t ionsh ip .  

An ana lys is  o f  resp i ra to ry  ra te  data shows l i t t l e  o r  no co r re l a t i on  t o  the 
subjects'  a c t i v i t y  o r  work performance. Since respi ra tory  r a t e  i s  g rea t l y  
inf luenced by psychic control,  i t  seldom corre la tes w i t h  work patterns. 
Respiratory ra te  i s  a useful  phys io log ica l  moni tor ing measure source, hyper- 
v e n t i l a t i o n  can be e a s i l y  i den t i f i ed .  

The metabol ic r a te  data obtained w i t h i n  these studies had several sources 
o f  e r ro r  other than ithose imposed by the ana l y t i ca l  instruments themselves. 
I t  i s  important t o  understand these sources o f  e r r o r  and the l im i t a t i ons  they 
impose upon the data. The sources o f  measurement e r ro r  included: 

a. 

b. 

C. 

d. 

e. 

Ana ly t i ca l  instrument er ror .  

Outboard leak from the s u i t  which would resu l t  i n  gas concentrat ion 
changes. 

Measurement o f  oxygen f r ac t i on  i s  inf luenced by the mix ing o f  various 
volumes of respired gas w i t h  s u i t  f low gas a t  d i f f e r e n t  work rates. 
For example: 
oxygen) i s  d i  lu ted i n  the same flow. 

a t  res t  6 t o  IO l i t e r s  o f  respired gas ( I 6  t o  17 percent 

Gas sampling 100 f t  displaced from the subject. The t rans ient  t imes 
f o r  gases tends t o  average data over t ime and decreased the cor re la-  
t i o n  between measured metabolic rates and the actual  work being 
performed. The t ime lag minimizes the usefulness o f  the  data as 
real- t ime data. 

Gas mixing i n  helmet r e s u l t i n g  i n  a decreased inspired oxygen concen- 
t r a t i o n  from tha t  measured a t  the s u i t  i n l e t .  This r esu l t s  i n  by f a r  
the largest  e f f e c t  on metabol ic ra te  ca lcu la t ions.  

Although not a measurement error, the s u i t  environment and ambient environ- 
ment both a f f e c t  the thermal balance of  the subject which has a d i r e c t  e f fec t  
on the metabolic rates. 

I n  order t o  evaluate the order o f  magnitude o f  the er rors  involved i n  
these measurements, an e r r o r  analysis f o r  the worst possib le case was performed. 
This worst case resu l t s  when on ly  a systematic e r ro r  i s  involved f o r  a l l  the 



var ious sources o f  e r r o r  and a l l  e r r o r s  a re  add i t i ve .  
e r r o r  i n  determining oxygen consumption i s  c a l c u l a t e d  by: 

For these t e s t s  the  

TR 

TR + TF 

PA + P 

= (I (FI - FE ) 
"2STP 02 02 

F X  

where oo2 = O 2  consumption (L/min STP) 

= f r a c t i o n  O 2  i nsp i red  
0 2  

0 2  

FI 

FE = f r a c t i o n  O 2  exp i red 

= absolute pressure 

= gauge pressure o f  flow t ransducer 

= absolute temperature 

= temperature a t  f low sec t ion  

PF 

TR 

TF 

Metabol ic  r a t e  = Vo2 X C X K X 60 

0.85 = 4.822 k c a l / l .  
where C = c a l o r i c  equivalent  per l i t e r  o f  O2 a t  an assumed R. o f  

(7-2)  

k = Btu equ iva lent  per kca l  = 3.96 

i f  a = accuracy o f  V 

b = accuracy of FI 
0 2  

c = accuracy o f  FE 
02 

F 

F 

d = accuracy o f  P 

e = accuracy o f  T 

assuming a no leak  system and 

a = f low sec t ion  e r r o r  o f  I percent = 0.01 

b = mass s p e c i f i c a t i o n  e r r o r  = I percent + reading e r r o r  o f  2 values 
o f  I percent f u l l  scale reaching = 0.01 + 0.002 + 0.002 = 0.014 

c = same as b above = 0.014 
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d = monometer reading o f  I percent = 0.01 

e = thermocouple t o  recorder e r ro r  o f  10.8 percent = 0.008 

Then, i f  a l l  e r ro r s  were systematic ra ther  than random, the e r ro r  would be 
ca lcu la ted by 

Maximum e r ro r  V = a + b + c + d + e 
02 

= 0.01 + 0.014 + 0.014 + 0.01 + 0.008 ( 7-31 

Also 

Metabolic ra te  = C X k X 60 X Vo 
2 

Assume that  an e r ro r  i n  C i s  2 percent = I .5 percent r esu l t i ng  from assuming 
an R o f  0.15 

Er ro r  i n  metabolic ra te  = 0.02 + 0.015 + 0.056 = 0.094 

Maximum e r ro r  i n  metabolic ra te  = 9.4 percent 

For nominal i n l e t  s u i t  s u i t  o f  4.5 cfm = 127.4 l i te r /min .  

If s u i t  leakage were equal t o  I l i t e r /m in  per design specif icat ions, 
the e r ro r  i n  V would be 1/127.4 = 0.0078 o r  0.8 percent. Then 
maximum e r ro r  i n  metabolic ra te  = 9.4  percent + 0.8  percent = 
10.2 percent i f  a1 1 e r ro r  decreased metabol i c  ra te  value. 

0 2  

Another source o f  e r ro r  ex i s t s  i n  the use o f  s u i t  i n l e t  oxygen f o r  FI 
02 

I n  the helmet there i s  an incomplete washout o f  COP and there i s  a residuum 
o f  approximately I percent COP on the helmet. This would decrease the approxi- 
mately 21 percent o f  oxygen by 0.04 percent ( r es t  o f  I percent e f f e c t  on N 2 )  
e f f e c t i v e  oxygen. 

fo l l ow ing  example: 

. 

Thus, by using the i n l e t  Fo the e r ro r  becomes i n  the 
2 

I 21 percent and F = 20.5 percent E 
02 02 

FI 

= 21 percent - 20.5 percent = 0.5 percent o r  0.005 AF02 

Actua l l y  A = 21 percent - 0.04 percent - 0.46 percent o r  0.0046 
Fo 2 

00005 - 0*0046 - - 000004 = 0.08 0,. 8 percent 
0.005 0.005 The percent e r ro r  = 

Thus, t h i s  e f f e c t  could be an overestimate o f  metabol i c  ra te  o f  8 percent. 
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Assuming complete mix ing o f  gases i n  t he  suit ,  the worst-case est imate 
o f  e r r o r  would y i e l d  an overestimate: 

Maximum e r ro r  = FI e r ro r  from mixing-error from leak 
02 

+ e r ro r  from no leak analysis 

= 8 percent - 8.8 percent + 9.4 percent = 16.6 percent 

This analysis i s  based on systematic e r r o r  only. 
analysis f o r  random er ro rs  would reduce t h i s  value great ly.  

A mean sum o f  square 

There a re  several fac tors  which do not lend themselves t o  e r ro r  ana lys is  
and tend t o  y i e l d  an underestimate o f  metabolic rates. These include the 
mix ing o f  the respired gases w i t h  s u i t  f low which bu f fe rs  the excursions o f  
t h e  metabol ic rates and tends t o  provide a mean ra te  over time. T h i s  fac to r  
i s  fu r the r  complicated by the approximately 100 f t  o f  hose, which provides a 
t ime delay i n  measurement and acts  as a fur ther  volume buf fer .  These fac tors  
overr ide the e r ro r  ana lys is  presented above i n  t r y i n g  t o  determine the cor re la-  
t i o n  between actual  work and metabol ic rate. 
metabolic rates as used i n  these t es t s  i s  adequate f o r  steady-state work modes- 
e.g., t readmi l l  walking--but inadequate f o r  short-duration work tasks. 

The technique f o r  measuring 

CONCLUSIONS 

a. 

b. 

C. 

d. 

e. 

f. 

9- 

There i s  a s imulat ion e f f e c t  on metabol ic rates dur ing res t  and f o r  
peak rates. This e f f e c t  i s  a r esu l t  o f  dif ferences i n  the require-  
ment f o r  the app l i ca t ion  o f  react ive  forces between simulat ions and 
possib le e f f e c t  o f  thermal dif ferences. 

Metabolic rates are increased when a react ive force i s  appl ied i n  
reduced g rav i ta t iona l  f i e l d s .  

Metabolic rates dur ing underwater simulat ions normally ranged from 
1500 t o  1800 Btu/hr. 

Heart rates never exceeded 140 beats per min w i t h  underwater studies. 
These rates compare favorably w i th  those found on Gemini X I I .  

Respiratory rates showed no co r re l a t i on  w i th  a c t i v i t y .  

Heart rates d i d  not e x h i b i t  a l i near  co r re la t ion  w i t h  metabolic rates 
i n  these tests.  This indicates that  metabolic rates cannot be derived 
from heart ra te  f o r  t h i s  type o f  simulat ion. 

There was no co r re l a t i on  between sweating and metabolic rates. 
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h. An evaluat ion o f  the subjects'  thermal balance during t e s t i n g  i s  
necessary t o  completely evaluate the metabolic costs o f  work. 
po ten t i a l  o f  an increased thermal loss from the s u i t  underwater 
may have resul ted i n  low metabol ic rates. 

The 

i. Tests w i th  a system which iso la tes the resp i ra to ry  gases from s u i t  
f low are necessary i f  real- t ime data are t o  be obtained which can 
be cor re la ted to work modes. 
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Figure 7C- 12. 
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Figure 7-12. Maintenance Task During Neutral Buoyancy, Test 1 .  1.5.5 
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Equ i pment Adjustments 
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Figure 7-14. Physiological  Data f o r  Panel Placement on the  Antenna 
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SECTION 8 

GENERAL CONCLUSIONS 

f o l  lows: 

a *  

b. 

C. 

d. 

e. 

f. 

g *  

h. 

Some of t h e  most general conclusions der ived f rom t h i s  study a r e  as 

The ex tent  o f  man's c a p a b i l i t i e s  t o  perform maintenance and assembly 
tasks i n  weightlessness i s  much greater  than had been o r i g i n a l l y  
an t ic ipa ted.  With approp r ia te l y  designed tools, r e s t r a i n t  devices, 
locomotion aids, and task  sequences it appears t h a t  any foreseeable 
manual t ask  can be accomplished i n  weightlessness. Th is  observat ion 
must be tempered w i t h  a complete l ack  of knowledge on t h e  problems 
o f  mass manipulat ion. I n  addit ion, great  emp,hasis must be at tached 
t o  proper design o f  EVA hardware. 

Weightless s imu la t i on  a t  low l imb and body v e l o c i t i e s  appears t o  
be b e t t e r  accomplished by neu t ra l  buoyancy s imu la t i on  than by t h e  
six-degrees-of- freedom simulator .  

Performance data, even dur ing  these exp lo ra to ry  studies, become 
systematic when organized by t h e  p rov i s iona l  t ask  taxonomy 
developed f o r  t h i s  program. 

Average metabol ic r a t e s  were on t h e  order  o f  1500 t o  1600 Btu h r  
w i t h  peak values a t  2000 Btu  hr .  
and o f  shor t  durat ion. 

These peak values were inf requent  

Heart ra tes  were s i m i l a r  t o  Gemini X I 1  EVA data; i.e., 140 t o  
150 bpm b e a t s h i n .  

Optimal r e s t r a i n t s  systems w i l l  apparent ly  use t h e  human s k e l e t a l  
s t r u c t u r e  as p a r t  o f  t h e  r e s t r a i n t  system. 

I t  appears u n l i k e l y  t h a t  a s i n g l e  r e s t r a i n t  system can be designed 
t h a t  i s  best f o r  a l l  tasks. Some r e s t r a i n t  concepts a r e  best  f o r  
working i n  place, w h i l e  others become opt imal  when l o c a t i o n  changes 
o f  even a minor na ture  are  required.  

A number of hardware items need development f o r  t h e  s a t i s f a c t o r y  
conduct ion o f  manual o r  semimanual EVA work. These included: 

Rest r a  i n t  dev ices 

Manual and power t o o l s  

E a s i l y  manipulated, p o s i t i v e l y  l ock ing  fasteners 

Apparatus fo r  handl ing and present ing  tools, components, 
and p a r t s  
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i. Good EVA i n  terms o f  both dexter i ty  and force i s  dependent on 
s t a b i l i t y  and appropriate posi t ioning of the worker. 

j. Detailed "hand-by-hand" task analyses must be conducted i n  
developing procedures f o r  any EVA or I V A  i n  large volumes. 

k. Manual construction of large r i g i d  or  in f la tab le  structures 
such as antennas or  shelters can be accomplished manually i n  
weightlessness. 

1 .  Complete and detai led simulation i s  required t o  check out a l l  
work projected f o r  the weightless environment. 
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APPENDIX B 

ILLUSTRATIONS OF EVA WORK 

B- I 



PACKAGED ANTENNA BEAMS AND JOINTS 

F-7343 PACMGED ANTENNA PANELS 

F i g u r e  B-1 



PACKAGED INFLATABLE MODULES 
(AT BOTTOM OF HATCH) 

F-7344 
NEUTRALLY BUOYANT PANEL FOR LARGE R I G I D  MODULES 

Figure  B-2 

B-3 



NEUTRALLY BUOYANT LARGE R I G I D  MODULE, ASSEMBLED 

F-7345 LARGE R I G I D  MODULE ASSEMBLED BUT NOT CONNECTED 

F i  gure B-3 

B -4 



S U B J E C T  IN HATCH, READY TO B E G I N  T E S T  

F-7346 

S U B J E C T  LEAVING HATCH ONTO HANDRAIL 

Figure 8-4 

B -5 



"CRAB" LOCOMOT I ON ON MA I NTENANCE BOOM 

F-7347 

SUBJECT GETTING LINEMANS POSITION ON "TI' RESTRAINT 

Figure  B-5 

8-6 



SUBJECT SECURING STRAP RESTRAINT ON TAUT ROPE LOCOMOTION A I D  

TRAVERS I NG , TAUT ROPE F-7348 

Figure  B-6 

8-7 



TRAVERSING, ANTENNA BOOM 

F-7349 
BEGINNING TRAVERSE WITH ANTENNA PACKAGE 

Figure B-7 
8-8 



ANTENNA ASSEMBLY FROM REAR 

ANTENNA ASSEMBLY FROM EN0 
F- 7350 

Figure B-8 

B- 9 
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LEAVING RESTRAINT AID TO WORK LOW ON ANTENNA 

F-7351 RIGID MODULE SECTION FITTING USING CAGE RESTRAINT 

Figure B-9 

B-IO 



PANEL PLACEMENT FROM CAGE RESTRAINT 

F- 7352  SUBJECT ASSEMBLING SECOND R I G I D  
MODULE AS SEEN FROM TOP OF TANK 

Figure B-IO 

B-1 I 



! 

CAGE RESTRAINT "BOUNCE" ON MAINTENANCE BOOM 

F-7353 
TWO NEUTRALLY BUOYANT MODULES BEFORE BOLTING TOGETHER 

Figure B-lI 

6-1 2 



LINEMAN'S POSITION WHILE CONNECTING TWO MODULES 

J 

F-7354 SUBJECT HAVING POSITIONAL CONTROL PROBLEM 

Figure  B- 12 

8-13 



MOVING MODULES AROUND AND BOLTING TOGETHER 

CLAMPING MODULES P R I O R  TO B O L T I N G  F-735 

Figure  B-13 

8-14 

'5 

J 



B O L T I N G  TWO R I G I D  MODULES TOGETHER, "LINEMAN" V A R I A T I O N  

.. . 
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L INEMAN'S  P O S I T I O N  DURING MODULE MATING 

L I G H T  L I N E  D I F F I C U L T Y  F-7357 

F igure  B-15 
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FALLING OUT OF LINEMAN POSIT ION CAUSED BY "PLAY" AND "BOUNCE" 
I N  MAINTENANCE BOOM AND "TI' RESTRAINT 

MOVING FROM LINEMAN'S POSIT ION TO A VARIATION F-7358 

Figure  8-16 
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SHORT STRAP LINEMANS POSITION 

SUBJECT ATTACHED TO TAUT ROPE 
BY EYE OF RESTRAINT STRAP 

F-7359 

Figure B-17 
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MOVING ON TAUT ROPE USING BOTH HANDS 

SUBJECT PREPARING ROPE-PULLEY TO F-7360 
MOVE TWO R I G I D  MODULES 

Figure B-18 
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SUBJECT RETURNING ALONG TAUT ROPE FROM LADDER 

F-7361 
LADDER ATTACHED TO MAINTENANCE BOOM 

FOR INFLATABLE MODULE TEST 

Figure B-19 
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SUBJECT PREPARING TO MOVE INFLATABLE MODULE PACKAGE 

"CRAB" TRAVERSE WITH PACKAGE F-7362 

Figure B-20 
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ATTACHING STRAP RESTRAINT WITH PACKAGE IN HAND 
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TOP VIEW OF UNFOLDING TASK 

F-7364 
SUBJECT OUT OF CONTROL, HAS PULLED 

SELF TO BOTTOM OF TANK 

Figure B-22 
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MOVING MODULE BACK TOWARD SPACECRAFT MOCKUP OVER BOOM 

F- 7365 

MOVING MODULE BACK TOWARD SPACECRAFT MOCKUP OVER BOOM 

Figure 8-23 
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POSITIONING MODULE FOR SECURING TO SPACECRAFT MOCKUP 

ATTACHING TELESCOPING RODS 

Figure 8-24 
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ATTACH I NG TELESCOPING RODS 

F-7 367 SUBJECT TURNING MODULE TO FINO ATTACHING POINT 

Figure B-25 
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SUBJECT PRESSING WORK DOWN ON LADDER FOR CONTROL 

~-7368 SUBJECT ATTACHING INFLATING HOSE 

Figure B-26 
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SUBJECT BEING CARRIE0 TO BOTTOM BY WEIGHT OF ROD 
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SUBJECT R E S T I N G  

F-7370 
SUBJECT P O S I T I V E  I N  BUOYANCY, F L O A T I N G  OUT OF CONTROL 

Figure B-28 
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CONNECTING ROPE TO MOVE TWO INFLATABLE MODULES 

Figure B-29 

8-30 



SUBJECT TRAVERSING FORWARD ON LADDER 

F-7372 
SUBJECT SHORTENING STRAP R E S T R A I N T  

Figure  B-30 
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CONTROL AND POSITIONING DIFFICULTY IN CONNECTING ROPE 
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PULLING MODULE THROUGH WATER 

F-7374 
POSITIONING TO PULL MODULE (NOTE LEG BEHIND LAOOER) 

Figure B-32 
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PART I 

'1 * Adams, C.R. and Hanaff, C., "Some Human Factors Considerations 
for Orb i ta l  Maintenance and Mater ia l  Transfer." Aerospace Medicine 
Volume 36, March 1965, page 223-230. 

evaluate man's space-adaptive capab i l i t i es .  
design, space c r a f t  design, degree o f  automation involved, accessa- 
b i l i t y ,  techniques f o r  tasks performance, and recommendations are  
made. 

Task Analysis used t o  determine 5 performance leve ls  and t o  
Basic are shu t t l e  

2. Beasley, Greg P., " Invest igat ion o f  a Simpl' if ied  Maneuvering Technique" 
and Thomas, David F. Jr., "Jet Shoe Extravehicular  A c t i v i t y  Device" 
in  National Conference on Space Maintenance and Extravehicular  
A c t i v i t i e s ,  March 1966, page 311-31.12. 

Reports on concept o f  a simp1 i f i e d  integrated maneuvering system 
made up o f  low power thrusters  and a te ther  t o  provide adequate 
extravehicular  operations i n  space. Second pa r t ,  present resu l t s  
o f  f e a s i b i l i t y  study i n t o  use o f  low- thrust j e t s  mounted on soles 
o f  shoes. ..Motion could be con t ro l led  by i n s t i n c t i v e  movements o f  
f ee t  and legs. 

3 .  Beckman, E.L., K.R. Coburn, e t  a1 "Some Physiological Changes 
Observed In  Human Subjects During Zero G Simulation By Immersion 
i n  Water Up t o  Neck Level." Naval A i r  Development Center, 
Johnsvi l le,  Pa. Rept. NO. NADC MA 6107. AD 256 727, 1961. 

Knowledge r e l a t i v e  t o  the e f f ec t s  o f  prolonged weightlessness 
i s  needed i n  preparing man f o r  space f l i g h t .  The buoyant force 
exerted upon imnersed bodies e f f e c t i v e l y  simulates the weightless 
s ta te  w i t h  respect t o  propr iocept ive sensory responses and perhaps 
in  other ways. An invest igat ion i n t o  the physio logical  e f f ec t s  o f  
imnersing subjects i n  water up t o  neck leve l  was undertaken. 
ser ies of  experiments invo lv ing 7 subjects immersed in  water up t o  
neck leve l  f o r  periods o f  5 t o  23 hours (5 subjects f o r  12 hours) 
showed a s i g n i f i c a n t  weight loss dur ing the per iod o f  imnersion, 
which was explained by the d iu res is  which occurred. 
ume measurements showed a decrease i n  the exp i ra tory  reserve 
volume and in  the resp i ra tory  minute volume dur ing immersion. 
There was no s i g n i f i c a n t  decrement i n  the performance o f  a track- 
ing task, a t t r i b u t a b l e  t o  the water immersion, dur ing exposure 
to  a simulated space veh ic le  reentry decelerat ion p r o f i l e .  
Exposure t o  4.5 pos i t i Le  G f o r  15 seconds fo l lowing water immersion 
revealed a decrement i n  tolerance i n  most subjects. 

A 

Pulmonary vol- 

4. Benson, V.G., E.L. Beckman, e t  a1 'Weightlessness Simulation By 
Total Body Immersion. Physiological Effects."  Naval A i r  Development 
Center, Johnsvi l le,  Pa. Report No. NADC-MA-6134. AD-263 194, 1961. 
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Attempts have been made t o  simulate the weightless s ta te  by 
immersing subjects i n  water up t o  the neck leve l  f o r  varying periods 
o f  time. These subjects were exposed t o  accelerat ion forces on 
human centr i fuges before and a f t e r  immersion. A reduction t o  the 
a b i l i t y  t o  withstand these accelerat ion forces was noted fo l low ing  
the immersion period. Immersion i n  water t o  the neck leve l  produces 
a negative pressure breathing s i t u a t i o n  which i n  tu rn  resu l t s  i n  
a profuse d iures is .  
pressure breathing and the d iu res is  by equipping the subject w i t h  
a f u l l  face d i v i ng  mask w i t h  a compensating regulator  and completely 
immersing h i m  in  water f o r  a per iod o f  twelve hours. 
subjects tested, only three were able t o  t o l e ra te  the 12-hour per iod 
o f  water immersion. The remaining four terminated ea r l y  i n  the 
study due t o  the stress o f  the underwater environment and were not 
exposed t o  acce lera t ion forces fo l lowing t h e i r  immersion periods. 

An attempt was made t o  e l iminate  the negative 

O f  the seven 

5. Bourne, Geoffrey H. (Emory Univers i ty ,  Dept. o f  Anatomy, At lanta,  
Georgia.),"Neutromuscular Aspects o f  Space Travel .'I i n  Phys io low 
o f  Man in Space. New York, Academic Press, Inc., 1963, page 1-59. 

Discussion o f  the muscular stresses i n  space f l i g h t  r esu l t i ng  
f rom weightlessness and high-g condit ions. Radiation e f f ec t s  are 
a lso  b r i e f l y  noted. 
muscles and t h e i r  methods o f  ac t ion  and innervat ion are studied. 
The responses o f  sense organs t o  subgravity are tabulated. 
I 1  l us t ra ted  are short- term water- immersion tanks, re la ted equip- 
ment, and other zero-grabity simulators. 

The macroscopic and microscopic s t ruc tures o f  

6 .  Brown, J.L.,"Orientation t o  the Ver t ica l  During Water Immersion,'' 
J. Aerospace Medicine, 32:209-217, March 1961. 

fee t  and then ro ta ted i n  a tucked pos i t i on  on a rod through 3 ,  4, 
o r  5 revolut ions.  Rotat ion was terminated w i t h  the head i n  one 
o f  4 posi t ions:  upr ight ,  i nc l ined  forward, down, o r  back. Upon 
terminat ion o f  r o ta t i on  subjects were d i rec ted t o  po in t  i n  the up 
d i r ec t i on ,  then t o  nod the head and cor rect  i n  the d i r ec t i on  o f  
po in t i ng  i f  necessary, and f i n a l l y  t o  sw im toward the surface. 
There were e r ro rs  i n  d i r e c t i o n  o f  i n i t i a l  po in t i ng  o f  as much as 
180 degrees. 
leas t  w i t h  the head up o r  forward. 
by consistent  improvement in  the d i r e c t i o n  o f  po in t ing.  There was 
l i t t l e  ind ica t ion  o f  any d i f f i c u l t y  i n  swimming i n  the upward 
d i rec t ion .  Greater densi ty o f  the legs as compared t o  the t runk 
resu l ted i n  f a i r l y  rap id  ve r t i ca l  o r i en ta t i on  o f  the body upon 
release o f  the rod. The resu l t s  are  in terpreted t o  r e f l e c t  the 
re1atit.e ine f f i c iency  o f  the u t r i c l e s  as g r a v i t y  sensors when the 
head i s  i n  ce r t a i n  pos i t ions.  The s imulat ion o f  zero g r a v i t y  may 
be enhanced by u t i l i z i n g  these pos i t i ons  w i t h  water immersion. 

Subjects were immersed i n  water a t  a depth o f  e i t he r  18 o r  25 

Errors were greatest  w i t h  the head down o r  back and 
Nodding o f  the head was fol lowed 
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7. 

8. 

9. 

10. 

11.  

12. 

Buckout, K., "A Working B ib l iography on the  E f f e c t s  o f  Motion on 
Human Performance,'' Ju l y  1962, 56 page 546 Refs. MRL-TDR-62-77 
Issue 19. 

of motion and i t s  e f f e c t  on human performance. Inc luded are  s tud ies  
o f  tumbling and weightlessness. F i n a l l y  repor ts  on t r a i n i n g  and 
mot ion s imulat ion,  equipment and methodology and general ana lys i s  
of the  whole problem area are  presented. 

Abstract :  A number o f  d i s c i p l i n e s  which bear on the  problem 

Caidwell, L.S., "Body Pos i t i on  and the  Strength and Endurance o f  
Manual P u l l  ,Ih Human Factors, volume 6, October 1964, page 479-484. 

Strength and du ra t i on  f o r  sub-maximal ho ld ing  response f o r  
20 body pos i t i ons .  Experimenters concluded t h a t  a change in  body 
pos i t i on ,  which increases s t rength  w i l l  reduce e f f o r t  t o  main ta in  
a g iven fo rce  and the  endurance o f  the ho ld ing  response w i l l  
i nc rease. 

Campbell, P.A. and S. J. Gerathewohl "The Present Status o f  t h e  
Problems o f  Weightlessness." Texas State Journal o f  Medicine 55(4) 
:267-274, A p r i l  1959. 

Reports weight less o r i e n t a t i o n  s tud ies  made by immersing men in  
water. 
f ac to rs ,  and dur ing  weight less s i t u a t i o n s  the eye becomes the  on ly  
re1 i a b l e  organ. 

Man's a b i l i t y  t o  o r i e n t  h imse l f  depends upon a v a r i e t y  o f  

Corrado, R.P., "A Study o f  Ret r ieva l  Techniques f o r  Tethered 

Abstract :  Math models used t o  i nves t i ga te  th ree methods o f  
r e t i e v a l ,  t he  constant,  anchor-mass, constant tension technique, 
l i n e  wrap, space c r a f t  r o t a t i o n ,  excessive terminal  v e l o c i t i e s  
etc., made modes unacceptable f o r  long r e t r i e v a l  distances. 

Cost ick, John F. 1 1 1 ,  "The Necessity f o r  Development and Use o f  
Fastening Devices w i t h  Special Charac te r i s t i cs  f o r  Space Use." 
National -Conference on Space Ma in  tenance E Ext raveh i cu l  a r  Act i L i t i e s .  
March 1966, page 271-278. 

Summary: Tool fas tener  i n t e r f a c e  problems r e l a t i v e  t o  ex t ra-  
veh icu lar  space w i t h  p a r t i c u l a r  i n t e r e s t  t o  the  problem o f  push- 
of f .  
seconds w i l l  cause an astronaut  t o  d r i f t  ou t  o f  reach o f  the  space 
c r a f t  i n  30 seconds). 
t o  a1 l e v i a t e  the  push-of f  problem, 

(Simulators have shown t h a t  2 pound fo rce  appl i ed  for 0.1 

Fasteners for  no end leading a r e  examined 

David, H.M., "Weightlessness Lowers Performance,L' M i s s i l e s  E Rockets 
8(21): 36 May 22, 1961. 
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Physio logical  and psychological  studiesconducted under cond i t ions  
of weightlessness have brought to  l i g h t  s i t u a t i o n s  which may pose 
a ser ious problem t o  space f l i g h t .  

Abstract :  I f  a dynamic anthropometry r e l a t i n g  t o  body mokements 
i s  t o  be deieloped i t  must proceed on body kinematics and the forces 
i n  r e l a t i o n  t o  posture and moiement. The ac tua l  movements must 
be s tud ied and recorded. 

14. Dir ingshofen von, H. "Immersion i n  Water as a P a r t i a l  Simulator o f  
Weight 1 essness i n  Space Med i c i ne. I t  Arch i v f 1 i r Phvs i ka 1 i sche 
Therapie (Le ipz ig) ,  14(4) : 307-31 1 , July-August 1962. (Germany) 

Researchi on weightlessness employing water- tank s imula tors  i s  
reviewed i n  the  l i g h t  o f  T i t o b l s  experience in  space f l i g h t .  Cer ta in  
disturbances i n  the  phys io log i ca l  func t ions  seen i n  the  experiments 
were caused by the h y d r o s t a t i c  pressure o f  the  water. 
muscular asthenia w i t h  increasing tendency t o  o r t h o s t a t i c  co l lapse 
developed i n  the  experimental subjects as a d i r e c t  e f f e c t  o f  the 
hypodynamic environment. This tendency s t i l l  pe rs i s ted  two days 
a f t e r  t h e  seven-day experiment i n  the water- tank s imulator .  The 
lowered s t ress  res is tance was evidenced by lowered acce le ra t i on  
to lerance,  lowered physical  e f f i c i e n c y  i n  the  presence o f  unimpaired 
muscle s t ren th ,  and i n  p a r t i c u l a r  by lowered sensorimotor pe r fo r-  
mance. The electro-encephalogram showed a d is turbance i n  the  sleep- 
awakefulness cyc le ,  i .e . ,  f requent i n t e r v a l s  o f  l i g h t  sleep o r  
lowered consciousness and on ly  two hours o f  deep sleep. Recommenda- 
t i o n s  inc lude a program o f  systematic phys ica l  exerc ise aboard the  
space ship t o  main ta in  muscle and cardiovascular  tonus, and t r a i n i n g  
o f  s p a t i a l  o r i e n t a t i o n  t o  compensate f o r  t he  non- funct ion o f  the 
o t o l  i ths  i n  zero-gravi t y  cond i t ions .  

A p rog ress i te  

15. Dunn, J.P. & Skidmore, R . A . ,  "An Ana ly t i ca l  Procedure f o r  the Design 
and Evaluat ion o f  Crew Work Stat ions."  I n  American I n s t i t u t e  o f  
Aeronautics and Astronaut ics and NASA Manned Space F l i g h t  Meeting, 
3rd, Houston, Texas. Not.ember 4-6, 1964, Technical Papers (AIAA 
Pub l i ca t i on  CP-IO) New York, American I n s t i t u t e  o f  Aeronautics & 
Ast ronaut ics  1964, page 153-165. 

A sequential  ana lys is  i s  performed which conta ins system d e f i n i t i o n  
task  ana lys is ,  Pre l im inary  Display & Control layout ,  t ime and duty 
ana lys i s  and mathematical v e r i f i c a t i o n  which y i e l d s  a graphic t ime 
l i n e  ana lys is  showing new s ize ,  du t ies ,  i n te rac t i ons ,  mal func t ion  
and abor t  sequences, percent u t i l i z a t i o n  o f  each crew member and 
ac tua l  opera t ing  times. These outputs a re  shown i n  r e l a t i o n  t o  
t ime and such eni ironmental f a c t o r s  as g load and v ib ra t i on .  Times 
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are  der ived from a mathematical model whereby a l l  f unc t i ona l  opera- 
t i ons ,  instrument i n t e r p r e t a t i o n s ,  c o n t r o l  movements, and e r r o r  
compensating f a c t o r s  a re  combined i n  a s i n g l e  equation t h a t  provides 
rea l- t ime answers. 

16. DuBois, J., Santschi,  W.R., Watson, D.M., Scot t ,  C.O., and Marry, F.W., 
"Moments o f  I n e r t i a l  and Center o f  Gral i t y  o f  the L i v i n g  Human Body 
Encumbered by a F u l l  Pressure Suit." AMRL-TR-64-110, Aerospace 
Medicine Research Lab, Wright-Patterson AFB, Ohio, November 1964. 

Abstract :  The center  o f  g r a \ i t y  and the  moment o f  i n e r t i a l  o f  
each o f  19 male subjects. Two p o s i t i o n s  used, s i t t i n g  and re laxed 
and th ree modes o f  dress, ( 1 )  nude, (2) su i ted  and unpressurized, 
and (3)  s u i t e d  and pressurized. Theoret ica l  accuracy o f  the  exper i-  
ment, based on a compound pendulum, ranged from 2 t o  8 percent 
depending on body p o s i t i o n  and ax i s  the moments o f  i n e r t i a  were 
found t o  vary s i g n i f i c a n t l y  between body p o s i t i o n s  and between 
nude and s u i t e d  condi t ions.  Cor re la t i on  c o e f f i c i e n t s  between the  
moment o f  i n e r t i a l  and s t a t u r e  and weight exceeding 0.9. F i f t y  
anthropometr ic dimensions and f r o n t a l  and p r o f i l e  photos were 
obtained on each subject  t o  serbe as the  bas is  f o r  add i t i ona l  b io-  
dynamic ana lys is .  

17. Dzendolet, E., E Rievley, J.F., "Man's A b i l i t y  t o  Apply Cer ta in  
Torques While Weightless." WADC Technical Report 59-94. Wright- 
A i r  Dev. Center, Wright-Patterson AFB. Ohio. 

Abstract :  The torque t h a t  a maintenance man can exe r t  w i t h i n  a 
space veh ic le  w h i l e  weight less and hence, t r a c t i o n l e s s ,  i s  analyzed. 
Anthropological  l i t e r a t u r e  was reviewed to determine the  torques a 
man can apply under normal cond i t ions .  Using elementary physical  
p r i n c i p l e s  the  consequences o f  apply ing these torques w h i l e  t r a c t i o n-  
less  were calculated.  Cer ta in  o f  the t h e  p red ic t i ons  were b e r i f i e d  
exper imental ly .  It i s  t e n t a t i v e l y  concluded what standard anthro-  
pometr ic  data can be l e g i t i m a t e l y  ex t rapo la ted t o  the weight less 
cond i t ion .  

f o r  t he  simple t i g h t e n i n g  task  w i thout  us ing handholds, (b) the 
use and l o c a t i o n  o f  handhoids, (c) the  maximum torque 1 im i ta t i ons ,  
(d) the  use o f  impulse, and (e) the  design o f  hand too l s .  

Suggest i ons are  advanced regard i ng (a) the op t  imum body pos i t ion 

18. Dzendolet, E. , "Manual Appl i c a t i o n  o f  Impulses While Tract ionless."  
WADD Technical Report 60-129. Aerospace Medical Lab, Wright-Patterson 
AFB Ohio, February 1960. 

Abstract :  The percentage o f  nai\ .e subjects who, w h i l e  t r a c t i o n-  
less  i n  a ho r i zon ta l  p lane anchored by one handhold, push i n  o r  
p u l l  ou t  a p lunger i n  one motion against  l a r i o u s  f r i c t i o n a l  forces 
and t r a v e l  distanced, decreases d i r e c t l y  as a func t i on  o f  the fo rce  
and d is tance required. With large- force impulse, the impulse i s  
l i n e a r  and the s i t u a t i o n  can be described by the  impulse momentum 
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theorem 
toothed and i t s  area approximated by tak ing  th ree- four ths  o f  the  
area o f  a rec tang le  whose base i s  the  du ra t i on  and he igh t ,  the  
fo rce  o f  the  impulse. For t h i s  experiment, the  maximum dura t i on  
o f  an e f f e c t i v e  impulse f o r  a sequence fo rce  o f  40 lbs .  i s  0.5 
seconds f o r  a push- in and 0.3 seconds f o r  a p u l l - o u t  impulse, e tc .  

f o  JFdj = MVI - MVo. The shape o f  the impulse i s  saw- 

19. E ik ins ,  Wm., "Hard Shel l  S u i t  Performance As It Relates To Space 
Maintenance and Other Ex t raveh icu lar  A c t i v i t i e s . "  i n  Nat ional  
Conference on Space Maintenance Ext raveh icu lar  A c t i v i t i e s ,  March 
1966, page 511-516. 

Sumnary: Sales p i t c h  f o r  L i t t o n  hard s u i t ,  bu t  in format ive .  
Chart showing weight saving i n  expendable over a 30 day pe r iod  o f  
use t o  156 l b s  o f  ma te r ia l  - c la im  reduct ion o f  metab4l ic  require-  
ment by an order  o f  magnitude over s o f t  s u i t s .  

20. Ferguson, John C. and Randal 1 M. Chambers "Psychological Aspects 
o f  Water" Immersion Studies Report No. 7. Naval A i r  Deielopment 
Center, Johnsk i l le ,  Pa. , A v i a t i o n  Medical Acce lera t ion  Lab. 30 Dec 
1963, 28p. (NADC-MA-6328; AD-429523). N64-15755. 

The purpose o f  t h i s  paper was t o  review t h e  recent water i m e r s i o n  
l i t e r a t u r e ,  p l a c i n g  specia l  emphasis on the  psychological  aspects 
o f  these studies.  Theadequacyof water immersion as  a technique 
f o r  s imula t ing  weightlessness was discussed, and water immersion 
f a c i l i t i e s  and procedures were described. The areas o f  perceptual 
and motor performance, boredom and fa t i gue ,  sleep, o r i e n t a t i o n ,  and 
p e r s o n a l i t y  and emotional aspects o f  water immersion were se lec ted 
as being o f  specia l  psychological  i n t e r e s t .  

21. Gerathewohl , S. J. , "Zero-G Devices and Weightlessness'' Simulators. 
Nat ional  Academy o f  Sciences, National Research Council, Washington, 
D.C. Pub1 i c a t i o n  No. 781 , 1961. 

This repor t  concerns the  devices, methods, and techniques which 
have been used for the  i n v e s t i g a t i o n  o f  the  e f f e c t s  o f  zero-G and 
weightlessness by many inves t iga to rs .  The repor t  i s  no t  a s c i e n t i f i c  
t r e a t i s e  o f  the  problem o f  weightlessness and the  e f f e c t  o f  sub- 
and zero g r a v i t y  upon the organism,but ra the r  a d e s c r i p t i o n  o f  
research equipment techniques. 

Concerns the  devices, methods, and techniques, which have been 
used f o r  the i n v e s t i g a t i o n  o f  the  e f f e c t s  o f  zero-G and weight less-  
ness by many inves t iga tors .  Part  I deals w i t h  devices which can be 
used f o r  producing sub- and zero- grav i ty ,  v i z . ,  ve r t i ca l - mot ion  
devices, a i r c r a f t ,  and b a l l i s t i c  m iss i l es .  A simple mathematical 
treatment o f  the  physical  parameters involved i n  sub- and zero-(; 
cond i t i ons  precedes the  d iscussion o f  each o f  these three methods. 
I n  Part  I I ,  instruments and techniques f o r  t he  s imula t ion  o f  weight- 
lessness are  described, The o b j e c t i v e  o f  t h i s  survey i s  t o  assure 
maximum usefulness o f  such debices and optimum cooperat ion between 
agencies and t o  guaranteethat  new requirements o f  the f u t u r e  be 
incorporated i n  research proposals on b ioas t ronaut ics .  
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22. Serathewohl , S. J., " E f f e c t s  o f  Weiqht lessness on Man Durinq U.S. - 
Sui: - O r b i t a l  and O r b i t a l  F1 ights . "  
29487, 1963. 

NASA Ames Research Center N65 

The as t ronau ts  responses t o  we igh t lessness  d u r i n g  t h e  p r o j e c t  
Mercury f l  i g h t s  a r e  analyzed. Phys io l og i ca l  parameters a r e  
discussed. 

23. Goodman, J. R . ,  and Radonfsky, M. I . ,  "Lullat- Sur face and Free Space 
Hazards R e l a t i n g  t o  Space Suit Design," Journai  o f  Environmental 
Sciences , vo l  ume 8, June 1965, page 26-31. 

t e r r a i n ,  g r a v i t y  t e s t ,  EMU descr ibed ,  some o f  t he  t e s t i n g  a i d s  
used t o  s imu la te  t he  l u n a r  environment a r e  considered. 

Discuss ion o f  a n t i c i p a t e d  l u n a r  environment i n c l u d i n g  atmosphere 

24. Glazer ,  D.L., and T r h i l l  , B.A. Jr . ,  "Operator/Tool I n t e r f a c e  
Problems Areas f o r  Space Maintenance," i n  Na t i ona l  Conference on 
Space Ma i n  tenance and Ext ra\;eh i cu  1 a r Ac t  i v i t y  . March 1966, page 

561-5.6. IO. 

u s i n g  s u i t s  and s h i r t  s l e e j e ,  a t  1/6 G. Test panel o f  s tandard 
components used w i t h  s tandard t o o l s ,  r e s u l t s  and recommendations 
made. Good Study. 

Summary: Operator performance and hand t o o l  e l a l u a t  i on  study, 

25. Hammer, L o i s  R., " Aeronaut ica l  Systems D i \  i s i o n  Stud ies i n  
Weightlessness:"  1959- 1960. Aerospace Medical  Labora to ry ,  Aeronaut i ca l  
Systems D i L i s i o n ,  W-P A i r  Force Base, Ohio. December 1961. (Pro j .  
7184; Task 71595). WADD TR 60-715. AD 273098. 

F a c i l i t i e s  and techniques used a t  Aeronaut i ca l  Systems D i v i s i o n  
to  s tudy t h e  e f f e c t s  o f  weight lessness a r e  descr ibed;  completed 
exper iments and those s t a r t e d  b e f o r e  January 1961 a r e  discussed. 
Topics a r e  grouped under two main headings: aerospace medical  s t u d i e s  
and aeromechanics s tud ies .  S p e c i f i c  problem areas and methods o f  
exper imenta t ion  a r e  emphasized. 

The Biomedical  Labora to ry  Water Submersion Task i s  discussed i n  
Sec t ion  1 1  , F a c i l  i t i e s  and Methodology. Stud ies o f  t h e  Psychophysi- 
ology E f f e c t s  o f  Prol.onged Weight lessness employing t h e  wate r  sub- 
mers ion tank  a r e  d iscussed i n  Sec t ion  1 1 1 ,  Aerospace Medical  Stud ies.  

F ind ings  a r e  b r i e f l y  s ta ted .  

26. Hanavan, E.P., I'A Mathematical  Model o f  t h e  Human Body." Aerospace 
Medical  Research Lab , Wr igh t- Pat te rson  AFB, Ohio. August 1964. 
AMRL- TR- 64- 1 02. 

Abs t rac t :  Mathematical  model f o r  p r e d i c t i n g  t h e  i n e r t i a l  pro-  
p e r t i e s  of a human body i n  va r i ous  p o s i t i o n s ,  25 s t d  an th ropomet r i c  
dimensions a r e  used i n  t h e  model t o  p r e d i c t  an ind iv idua l ' s  cen te r  
o f  g r a v i t y ,  moments and p roduc t s  o f  i n e r t i a ,  p r i n c i p a l  axes, a 
genera l  i zed  computer program t o  c a l c u l a t e  t he  i n e r t i a l  p r o p e r t i e s  
o f  a sub jec t  i n  any body p o s i t i o n  i s  presented. 

I .  

C-8 



27. Hartman, B., McKenzie, R. E., and Gravel ine, D. E., "An Exploratory 
Study of Changes i n  Prof ic iency in  a Hypodynamic Environment." 
School o f  Av ia t ion Medicine, Brooks A i r  Force Base, Texas, Report 
No.- 60-72, July 1960. AD 244 121. 

Simulated weightlessness f o r  a prolonged per iod was produced 
by the body immersion technique. Changes i n  psychomotor e f f i c i ency  
was assessed during immersion and a f t e r  re tu rn  t o  the normal 
environment o f  1 G. Systematic changes i n  a r e l a t i v e l y  simple task 
were obtained during immersion. Gross d is rupt ions i n  psychomotor 
behavior on re tu rn  t o  the normal environment were obseried. Accom- 
panying t h i s  were increased response times on three d i f f e r e n t  kinds 
o f  tasks i n  a systems operator simulator. These resu l t s  suggest 
t ha t  the funct ional  capab i l i t i e s  o f  a man, wh i le  adequate dur ing 
prolonged weightlessness, w i l l  be ser ious ly  impaired during the  
reentry phase o f  space f l  ight .  

28. Hertzberg, H.T.E., "Dynamic Anthropametry o f  Working Posit ions. ' '  
Behavioral Science Lab Aerospace Medical D i  L i s  ion, Wright- Patterson 
AFB, Ohio Project  7222; ASDTR 61-90: ASTIA  AD-263-715. (See a lso 
Reprints Human Factors page 147-155, August 1960. 

Abstract: The proper method o f  workspace design, the design 
l i m i t  concept i s  described, methods f o r  gather ing data on body size, 
st rength data are ou t l i ned  and major informat ion sources noted. 

29. Hertzberg, G. T. E., Dupertuis, C.W., and Emanuel , I . ,  "Stereophoto- 
grammetry as an Anthropometric Tool . ' I  Wright Development Center, 
Wright-Patterson AFB,Ohio,WADC Technical Report 68-67, ASTIA AD- 
150964 Feb rua r y  1958. 

human body contours a 1/2 inch in terva ls ,  i t  discussed the u t i l i t y  
o f  stereo data for anthropometric purposes, and fu r ther  appl ica t ions 
and cons i de red. 

Paper out1 ines  w i t h  il lus t ra t i ons  the procedure used t o  draw 

30. Hess, W.H., and Konecci, E.B., "Approach t o  Reduced Gravi ty Studies 
f o r  Human Experimentat ion" Douglas A i r c r a f t  Company, Inc., Santa 
Monica Cal i f o r n i a ,  engineering paper: No. I189 Sept. 14, 1961, a lso 
Aerospace Medical 33 (1 1 ) : 1397- 1398 November 1962. 

(a) target  by b l i n d  pos i t ion ing,  (b) p u l l i n g  against reduced t r ac t i on ,  
(c) pushing against reduced traction,(d) apply ing torque against 
reduced t r a c t  ion. 

Subjects attached t o  three helium f i l l e d  balloons. Test conducted 

31. Hewes, D.E., and Spady, A.A. Jr., "Evaluation o f  a Gravity-Simulat ion 
Technique f o r  Studies o f  Man's Self-Locomotion in  Lunar Environment." 
NASA Tech-Note . D-2176 

g ra i i t y -s imu la t ion  techniques. 
tested. Coverage o f  tes ts ,  walking, jumping, s t a i r s ,  ladders, and 
poles. F i l m  o f  tes ts  ava i lab le  on request. 

Summary: Consideration o f  need f o r  new and d i f f e r e n t  types o f  
l nc l  ined plane type developed and 
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32. 

33. 

34. 

35. 

36. 

Hirsch,  A.E., and White, L.A., "Mechanical S t i f f n e s s  o f  Man's Lower 
Limbs," David Tay lor  Model Basin, Washington, D.C., S t ruc tu ra l  
Mechan i cs Lab. 

Measurement o f  c o m p r e s s i b i l i t y  o f  mechanical s t i f f n e s s  o f  1 imbs 
under s t a t i c  loads. Major load being regions o f  f o o t  a re  i n t e n s i f i e d .  

Holmes, A.E., "Design, Fabr ica t ion ,  and I n s t a l l a t i o n  o f  Six-Degree- 
of- Freedom Space Maintenance Simulator,  Technical Report AFAPL-TR- 

Abst rac t :  The s imu la tor  supports a 180 l b .  and a 110 l b .  back- 
pack w i t h  u n l i m i t e d  freedom i n  p i t c h ,  r o l l ,  and yaw; h o r i z o n t a l  
t r a n s l a t i o n  on f r i c t i o n l e s s  a i r  pads over a 20 x 20 ft. f l o o r ;  
and v e r t i c a l  t r a n s l a t i o n s  on a i r  beaming 218 inches from nominal 
p o s i t i o n .  Also included was a servo c o n t r o l l e d  work panel.  Capa- 
b l e  o f  h o r i z o n t a l  t r a n s l a t i o n  s imu la t i ng  a 3K t o  7K l b  ob jec t  i n  
o r b i t .  The work panel i s  suspended from a 20 f o o t  span b r i dge  
crane w i t h  bo th  axes c o n t r o l l e d  by servo a m p l i f i e r s  housed i n  a 
s i n g l e  rack. A 140 SCF a i r  tank prov ides a low r a t e  a i r  sp r i ng  
f o r  c e n t r a l  t r ans la t i on .  

Holmes, A. E., and Hamel ton, A. L. , "A Space Tool Development Program.'' 
i n  Nat ional  Conference on Space Maintenance & Extra-Vehicular  
A c t i i l i t i e s ,  March 1966, page 2.1.1 - 2.1.15. 

Summary: M a r t i n  Company E Black E Decker b u i l t  power t o o l  and 
th ree  zero reac t i on  attachments, t o  be used f o r  r e p a i r  assembly i n  
o r b i t  and on moon. Study (supposedly) based on i n i e s t i g a t i o n  o f  
expected maintenance tasks and H.F. considerat ions.  Tool works 
w i t h  saw, impact wrench and d r i l l  attachments. Res t ra in t  c a p a b i l i t y  
requ i red  fo r  some func t ion ing  and i s  prov ided by adhesibe. 

Kama, W.N., "Speed and Accuracy o f  P o s i t i o n i n g  Weight less Objects 
as a Funct ion o f  Mass, Distance, and D i rec t i on ."  WADD-TR-61-182, 
March 1961, Wright-Patterson AFB, Ohio. 

Human Performance i n  p o s i t i o n i n g  we igh t less  ob jec ts  was i n \ , e s t i -  
gated by us ing  a i r - bea r ings  end f r i c t i o n l e s s  tab le .  Subjects mobed 
four masses 1000, 3000, 5000, & 7000 grams, ~ a r i o u s  d is tances - 10, 
20, and 40 cm. Inves t i ga to rs  concluded t h a t  mass had l i t t l e  e f f e c t  
on accuracy o f  p o s i t i o n i n g ,  d is tance i s  a s i g n i f i c a n t  va r i ab le  
a f f e c t i n g  e r r o r .  D i r e c t i o n  o f  moLement i s  a s i g n i f i c a n t  i a r i a b l e  
a f f e c t i n g  constant  e r r o r .  

Kasten, D. F., " I n t e r d i s c i p l  i na ry  Measurement o f  Human Performance 
Under Low and Zero Grav i t y  Condi t ior is,"  i n  AFSC 1 1  t h  Annual A i r  
Force Sc i ence and Eng i nee r i ng Sympos i um ( 1  964) 1 3 p , Aerospace 
Medical D i  v i  s i on  Aerospace Med i cal  Research Labs, Wright- Pat terson 
AFB, Ohio. 
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l n t e rd i sc i p l  inary Studies o f  human locomotion under condi t ions o f  
weightlessness. 

37. Kasten, D.F., "Analysis o f  Human Motions i n  Orb i ta l  Space" (paper, 
33rd Annual Meeting o f  Aerospace Medical Associat ion, Chalfonte- 
Hadden Ha l l ,  A t l a n t i c  C i ty ,  N.J., Ap r i l  9-12, 1962) 

Qua l i t a t i ve  rebiew o f  some seldom considered H.F. problems which 
may confront weightless workers i n  a space environment. Discussion 
i s  based on i n f l i g h t  zero G research, computer s imulat ion studies. 
Topics include, human locomotion and ro ta t i on  i n  weightlessness, 
f r i c t i o n l e s s  environment, problems i n  tether ing.  

38. Kitayev-Smyk, A . ,  "Man i n  a State o f  Weightlessness" (a t rans la t ion)  
Foreign Technology Div is ion,  AFSC, Wright-Patterson AFB, Ohio, 
September 27, 1965. 

parabol i c  t r a j ec to r y  f l  ights.  includes what people f e e l  i n  s ta te  
o f  weight 1 essness and phys i ol og i cal  expl ana t i on. 
v i  s ion , hand- eye coord i na t ion. 

Summary o f  experiments and sub ject ive  observations i n  Russian 

Experiments on 

39. Kulwicki , P.V. , Vergamini, P.L. and Schlei , E.J., " ~ e i ~ h t l e s s n e s s -  
Sel f-Rotat ion Techniques." Wright-Patterson AFB, Ohio." Behavioral 
Science Lab, October 1962. AMRL-TR-62- 129. 

The concept o f  se l f - ro ta t i on  i s  anal ized by the app l i ca t ion  o f  
theoret ica l  mechanics t o  a r i g i d  mathematical model composed o f  
s i x  c y l i n d r i c a l  segments. Nine maneuvers are selected t o  provide an 
e f f e c t  i \ e sol u t  ion. 

40. Lawton, R.W., "The Pathophysiology o f  Disuse and the Problem o f  
Prolonged Weightlessness: A Review." Report f o r  December 1960 - 
March 1963. June 1963, 46p. General E l e c t r i c  Co. , Philadelphia, 
Pa. (Proj .  7222, Task 722201). AMRL TDR63-3. AD-417 395. 

The physio logical  impl icat ions o f  zero-G as encountered i n  space 
f l i g h t  are  discussed and the ava i lab le  research concerning the physi- 
o log icd l  e f fec ts  o f  weightlessness i s  reviewed. The purpose o f  t h i s  
review i s  t o  proceed from the present s ta te  o f  knowledge o f  normal 
human physiological  systems, p a r t i c u l a r l y  as t h e i r  s t ruc tu re  and 
funct ion are a f fec ted  by g rav i t y ,  t o  a considerat ion o f  the possi- 
b l e  physio logical  consequences o f  prolonged human exposure t o  zero- 
G are b r i e f l y  reviewed. The data suggesting t ha t  prolonged weight- 
lessness w i l l  be a decondit ioning environment i s  presented. These 
data are  considered f o r  possib le outward ef fects o f  prolonged 
exposure t o  weightlessness, and f o r  methods o f  prevention o f  undesired 
e f fec ts .  The problem o f  a r t i f i c i a l  g rav i t y  by ro ta t i on  o f  a space 
veh ic le  i s  b r i e f l y  considered. Areas o f  needed fu tu re  invest igat ion 
are suggested. 
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41. 

42. 

43. 

44. 

Lee, Wm. L. Jr., "Problems in  Person Pro tec t i on  and Performance 
During Ext raveh icu lar  Operations," in  A. F. Academy Product o f  1s t  
Annual Rocky Mountain Symposium (1964) page 123-140. 

i n t e r f e r i n g  w i t h  h i s  performance c a p a b i l i t y ,  eg., EVA. 
Coverage of t he  problems o f  p r o t e c t i n g  man i n  space w i thou t  

Levine, Raphael B., "A Device f o r  Simulat ing Weightlessness." 
Lockheed-Georgia Company, Mar ie t ta ,  Georgia, i n  Medical and 
B io log i ca l  Problems o f  Space F l i g h t ,  page 85-113. Proceedings o f  
a Conference h e l d  i n  Nassau, the  Bahamas, November 1961, Academic 
Press, Inc., 1963. 

Design and inst rumentat ion f o r  a successful  weightlessness simula- 
t o r  a re  discussed i n  terms o f  the  th ree major e f f e c t s  i t  must 
produce: (1 )  depr ive  t h e  sub jec t  o f  a l l  important sensor cues 
(v i sua l ,  mechanical, balance) to  the  exis tence o f  a g r a v i t i o n a l  
f i e l d ;  (2)  produce as many as poss ib le  o f  the important physical  
and phys io log i ca l  e f f e c t s  (on v e s t i b u l a r  func t ion ,  r e s p i r a t i o n ,  
d iu rna l  rhythms, locomotion, manipulat ion s k i l l ,  muscle, bone, 
and cardiovascular  func t ion ,  cause motion sickness) o f  a t r u e  g r a v i t y  
f r e e  state;  and (3) appeal psycho log ica l ly  (exh i l a ra t i on ,  i s o l a t i o n ,  
physical  contact  loss) t o  the  sub jec t  as a t r u e  representa t ion  o f  
acuta l  space f l i g h t  cond i t i ons  i n  as many modes as possib le.  The 
Lockheed n u l l - g r a v i t y  s imula tor  g ives promise o f  f u l f i l l i n g  these 
cond i t ions .  I t  cons is ts  o f  a l a rge  tank f i l l e d  w i t h  water i n  which 
the  sub jec t  i s  immersed; the  tank and i t s  contents a re  ro ta ted  
r a p i d l y  a t  a constant speed. Basic experimental procedures i n  us ing  
the  s imulator  (sub jec t  f i t t i n g ,  p o s i t i o n i n g  system, breath ing  a i r  
system), and sa fe ty  measures a r e  discussed. 

Loats, Harry L. Jr. ,  Ma t t i ng l y ,  Samual G., and Bruch, C. E., "A 
Study of the  Performance o f  an Astronaut During Ingress and Egress 
Maneuvers through A i  r l ocks  and Passageways." 4 Volumes, A p r i l  30, 
1965. NASA con t rac t  1-4059 Performed by Envi ronmental Research 
Associates, P.O. Box 454 Randallstown, Maryland. 

Summary: Water Immersion co r re la ted  w i t h  zero-G a i r c r a f t  f l  ights.  
A i r l o c k  48" x 72". A i r c r a f t  f l i g h t s  al lowed on ly  5 t o  10 percent o f  t ime 
necessary t o  perform task. 
d e t a i l .  

Procedures o f  study presented t o  great  

Lo f tus ,  J. P. and L. R. Hammer, "Weightlessness and Performance: A 
Review o f  The L i te ra ture ,"  Aerospace Medical Laboratory, Wright- 
Patterson A i r  Force Base, Ohio, June 1961, ASD-TR-61-166. 

The imp l i ca t i ons  o f  weightlessness as encountered i n  space f l i g h t  
a re  discussed, and the  known research dea l ing  w i t h  the  psychological  
and phys io log ica l  e f fec ts  of zero g r a v i t y  i s  c r i t i c a l l y  reviewed. 
Topics a re  grouped under the  headings o f  o r i e n t a t i o n ,  psychomotor 
performance, and phys io log ica l  funct ions,  w i t h  a specia l  sec t ion  on 
methods o f  research. The major problem area ind ica ted i s  the e f f e c t  
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o f  weightlessness on g r a v i t y  or iented sensory mechanisms, p a r t i c u l a r l y  
the ves t ibu la r  apparatus, and consequently on both physio logical  
funct ions and psychomotor performance, An extensive bib l iography i s  
i nc l  uded. 

Immersion techniques are discussed in  the sect ion devoted t o  
Methods o f  Research, page 5-6, and a review of  immersion studies 
reported i n  the l i t e r a t u r e  publ ished p r i o r  t o  A p r i l  1961 i s  presented 
i n  the sect ion devoted t o  Physiological Functions, page 21-22. 

45. Margaria, R., and Cavaga, G.A., (of Mi lan Univers i ty ,  I t a l y )  "Human 
Locomotion o f  Subgravity," Aerospace Medicine, Volume 35, Dec 1964, 
page 1140-1 146. 

Summary: Simulating sub-gravity on ear th  i s  discussed. In  walk- 
ing a t  one-g kenet ic po ten t ia l  energy leve l  a re  in  phase opposit ion, 
forward acce lera t ion i s  obtained through transformation o f  po ten t ia l  
into k i n e t i c  energy, walking on the moon would be almost impossible. 
Because o f  the lower weight o f  the subject, the v e r t i c a l  component 
of the force may be too low t o  maintain the adherence o f  the foo t  
on the ground and prevent skidding. 

46. Marton, T., Hunt, R., Klaus, T., Cording, C.R., "Neutral Buoyancy 
Submersion f o r  the Analysis o f  Human Performance i n  Zero I G I ,  'I 

Val ley  Forge Space Technology Center, General E l e c t r i c  Co., Phi la-  
delphia, Pa. Presented a t  A l A A  meeting October 11-13, 1965, 
S t .  Louis, Missouri. 

Study conducted w i t h  scuba gear, console d isp lay  and cont ro l  
react ion t ime compared t o  one-g base l i n e ,  a l l  submersion t e s t  took 
longer, some by 50 percent. 
types o f  r es t ra i n t s  used,i.e., handhold, toe hold, and th igh  straps; 
but  empi r ica leva luat ion po in ts  t o  the advantages o f  toe and t h i gh  
res t ra in ts .  Gross h igh speed movements i n  submersion requ i re  as 
much as 30 percent more task time. 

May, Chester B., "Maintenance i n  a Weightless Environment," - A i r  
Force Aerospace Propulsion Lab., Wright-Patterson A i r  Force Base, 

Discussion o f  zero s imulat ion f o r  maintenance equip- 
ment and i n  space maintenance experiments. Zero ' G I  a i r c r a f t  f l i g h t s  
and a six-degrees-of- f reedom suspension simulator are  compared and 
shortcomings o f  each are noted. A l l  simulated tasks need actual  
space f l i g h t  data f o r  ve r i f i ca t i on .  

No s i g n i f i c a n t  advantage found between three 

47. 

Summary: 

48. May, Chester B., Schofield, Capt. J.N., and Vorst, L.A. , I 'A F- 
Gemini Space Maintenance Experiment Simulation," i n  National 
Conference on Space Maintenance and Extra-Vehicular A c t i v i t i e s  
March 1966, page 4.1.1-4.1.18. 

Summary: Design and s imulat ion study o f  the A i r  Force 0-16 
i n  Space Maintenance Experiment. Section 1 defines o r b i t a l  space 
experiment, parameters, instrumentation and data analysis. Section 
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2 discusses a cross v a l i d a t i o n  study i n  terms o f  experimental design, 
inst rumentat ion and data analys is .  

49. Meiner i ,  G., "The E f fec ts  o f  Subgravity and the  Methods f o r  Reproducing 
i t  on t h e  Ground and i n  F l igh t ."  R i v i s t a  d i  medicina aeronautica e 
s a z i a l e  Roma), 26 ( 1 ) :  80-98. Jan-Mar 1963. ( i n  I t a l i a n ,  Engl ish 
T k Z d G 3 4 )  1. 

A review o f  the l i t e r a t u r e  i s  presented which deals w i t h  exper i-  
ments on the  phys io log ica l  e f f e c t s  o f  subgravi ty .  The c h i e f  methods 
used t o  s imulate subgravi ty  cond i t ions  a r e  described and a d i s t i n c t i o n  
i s  made between ground methods (immersion o f  a1 1 or  p a r t  o f  t h e  body 
in  water, h i g h  acce le ra t i on  exposure), and the  more cumbersome methods 
through which ac tua l  o r  complete subgrav i ty  can be a t t a i n e d  (parabol i c  
f l  i g h t ,  suborb i ta l  and o r b i t a l  launching). The accompl ishments a r e  
reported o f  t he  Center o f  Studies and Researches i n  Aerospace Medicine, 
Rome, which uses a subgravi ty  tower f o r  experiments. Th is  tower i s  
o f  great  value i n  ob ta in ing  data on the phys io log i ca l  e f f e c t s  o f  
shor t- term subgravi ty  s i m i l a r  t o  t h a t  encountered in  space f l i g h t ,  
such as t r a n s i t i o n  between the  a c t i v e  and passive stage o f  f l i g h t ,  
t h e  e f fec ts  on psychomotor behavior,  the  r o l e  played by the  l a b y r i n t h  
and i t s  components, etc.  The poss ib le  extension o f  these methods 
i n t o  worldwide space research p r o j e c t s  i s  discussed. 

50.  Mercer, J., ' I S - l V B  Stage May Become Space Stat ion,"  M i s s i l e s  and 
Rockets, A p r i l  25, 1966, Volume 18 #17, page 17. 

Study on f e a s i b i l i t y  o f  us ing Saturn upperstage 20 f o o t  long 
21.7'  diameter as space s t a t i o n .  A i r l o c k  would be f i t t e d  and hydro- 
gen tank pressur ized t o  5 ps i ,  100 percent 62 ... 30 day experiment, i n -  
t e r i o r  and e x t e r i o r .  

51. M i l l e r ,  A.K., and L inco ln ,  R.S., "Study o f  Human Performance in  
A Mark IW Pressure Sui t ."  N65-31557. Lockheed M i s s i l e  and Space 
Co., Sunnyvale, C a l i f o r n i a ,  15 November 1964 (LMSE-6-62-64-19). 

Two subjects wearing pressur ized and unpressurized Mark IW 
s u i t s .  The study was t o  prov ide  an eva luat ion  of performance 
tasks, i,e., t racking-push buttons, etc.  Degradation due t o  
s u i t s  noted, t u r n i n g  o f  w r i s t s  and i n t e r n a l  pressure disadvantages. 

52. Morway, Donald A., Richard G. Lathrop, e t  a1 "The E f fec ts  o f  
Prolonged Water Immersion o f  t h e  A b i l i t y  o f  Human Subjects t o  
Make P o s i t i o n  andForce Estimations." A v i a t i o n  Medical Accelerat ion,  
Lab., Naval A i r  Development Center, Johnsv i l le ,  Pa. 24 Ju ly  1963, 
21 p. NADC MA6115;5. AD-414 349. 

Twelve subjects us ing underwater b reath ing  apparatus were 
imnersed i n  water for 18 hours. Each sub jec t ' s  responses t o  two 
general psychomotor tasks: ( 1 )  t he  a b i l i t y  t o  reach and p o s i t i o n  
the  arm and hand accura te ly  and (2) t h e  a b i l i t y  t o  est imate a 
pre learned leve l  o f  force,  were measured before,  dur ing  and a f t e r  
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water imnersion. Analysis o f  variance performed upon the target  aiming 
task showed no s i gn i f i can t  d i f fe rence  i n  the hor izonta l  aiming com- 
ponent. However, a h i gh l y  s i g n i f i c a n t  (p less than .01) b ias up- 
wards was observed in  the v e r t i c a l  aiming component. Comparisons 
between t r i a l  means using the Duncan q '  t e s t  indicates tha t  the b ias 
upwards decl ined as a funct ion o f  imnersion time. An analysis o f  
variance performed upon the force est imat ion data showed a s i gn i f i can t  
in te rac t ion  between t r i a l s  w i t h i n  blocks and t e s t  conditions. Duncan's 
q '  Test Ordered Means Comparison revealed no s i g n i f i c a n t  d i f ference 
between the pre- and post- imners ion force estimations. 
est imat ion obtained dur ing imnersion was s i g n i f i c a n t l y  d i f f e r e n t  (p 
less than .01) f rom the pre- and pos t- t r ia l s .  
no tendency t o  adapt as a funct ion of  time immersed. 

The mean 

The force data showed 

53. Mueller, D.D., and Simons, J.E., 'Weightless Wan: Single Impulse 
Tra jector ies  f o r  Orb i ta l  Workers." Technical Document Report No. 
AMRL-TDR-62-103 September 1962. Aerospace Medical Research Labs., 
Wright-Patterson AFB, Ohio. 

vehicle, t o  determine the speed o f  such a single- impulse launch i t  
was simulated i n  a zero G KC 135 a i r c r a f t ,  S ' s  at ta ined speeds o f  
approximately 10 mph, motion resu l t s  i n  a t r a j ec to ry  such tha t  worker 
would never re turn t o  h i s  vehicle. 

Summary: I n  space a worker may propel h imsel f  away from the 

54. "NASA - Engineering Research Experiments f o r  Manned Earth Orb i ta l  
Missions."- Performed by Federal Systems D iv is ion  o f  IBM Corp., 
Rockvil le ,  Maryland, NASA Contract NASI-4667, July 1965. 

Summary: Final o ra l  presentat ion charts, study develops the 
rat ionale,  structure,  and methodology o f  implementation o f  a com- 
prehensive engineering experimental program t o  support and advance 
the i n t r i n s i c  technological goals o r  the National Space Program. 
Tests and procedures are covered w i t h  hardware concepts. 

- 

55. "NASA - Experiment Descriptions for Extended Apol l o  Earth-Orbit 
Fl ights,"  National Aeronautics and Space Administrat ion, WASHQC, 
March 15, 1965, Prel iminary Data, Part I ,  Section 1-4 only, 
(For O f f i c i a l s  Use Only) . 

21 medical experiments, e.g., head ro ta t i on  i n  weightless, 
exercise (work) capacity and c i rcu la to ry ,  evaluation o f  muscle 
mass and strength. 

3 behavior experiments, e.g., psychomotor functions. 

2 c reat ion of a r t i f i c i a l  g rav i t y ,  e.g., r o ta t i ng  space s ta t i on  
and onboard centr i fuge. 

56. "Needed: A Theory o f  Weightlessness," i n  i t s  Soviet Research i n  
Bioastronautic 10 March, 1965, page 15-19. 

C- I 5  



Consideration i s  given t o  various aspects o f  weightlessness. 
With emphasis on i t s  e f f e c t  on man in  t h i s  condi t ion f o r  extended 
periods o f  time, other areas o f  study included accuracy o f  movement 
and energy expend i t u  re. 

57. Parker, F.W., and Garnett, "The Astronaut Maneuvering Un i t ,"  in  
National Conference on Space Maintenance and Extra-Vehicular A c t i v i t i e s ,  
March, 1966, page 3.2.1-3.2.18. 

Summary: The A.M.U. Backpack maneuvering u n i t  provides 1 i f e  
support, propulsion, communication and automatic a l t i t u d e  s t a b i l i z a t i o n  
and permits the astronaut t o  operate as an independent small maneuver- 
able spacecraft system. Paper presents resu l t s  o f  study conducted t o  
develop and evaluate an AMU used t o  support space s ta t i on  experiments 
and operational a c t i v i t i e s .  AMU experiments were defined and missions 
establ ished t o  determine performance requirements. EVA operations 
summarized,antenna erect ion shown. 

58. Peters, George A., and Hal 1, Frank S., Rocketdyne, Canoga Park, 
Cal i f .  "Source Document f o r  Human Factors Engineering," including 
associated areas i n  Subsystem Safety, Maintainabi l  i ty ,  Personnel 
Subsystems, L i f e  Sciences, Qua l i t y  Assurance, and R e l i a b i l i t y  
Engineering. 1 January 1965, 168 pages. 

380 Report Sources l i s t e d  - 371 are regulatory and guidance 
. documents, reviews s ta te- of- the- ar t  and con t rac tua l l y  required data 

submitted reports, and how i t  was done and type o f  organizat ion used. 

59. Peters, G.H., Shafer, R.J., and Hanny, J.F., "Extra-Vehicular 
Capsular Adhesive Systems.'' i n  National Conference on Space Main- 
tenance and Extra-Vehicular A c t i v i t i e s ,  March, 1966, page 2.2.1- 
. .  . 

Summary: Pos i t i ve  attachment f o r  space maintenance. Attach- 
ment device consists o f  a b e l t  o r  harness t o  which are fastened 
three telescoping legs, Legs are t ipped w i t h  adhesive pads, o r  
dispenser f i l l e d  w i t h  pads, which w i l l  adhere t o  any work s i t e  upon 
ac t i va t ion .  
and have s i x  degrees of s t a b i l i z a t i o n  wh i le  re ta in ing  the use o f  
h i s  arms and legs. 

Astronaut would "glue" h imsel f  t o  s ide o f  space c r a f t  

60. Pierce, B.F. and E.L. Casco, "Crew Transfer i n  Zero G as Simulated 
by Water" Immersion. General Qynamics/Astronautics, San Qiego 
Cal iforni,a, 15 A p r i l  1964, GDA-ERR-AN-502. 

The essent ia l  cha rac te r i s t i c  o f  man t ha t  makes water immersion a 
feas ib le  method o f  weightless simulat ion f o r  analyzing the re la t ionsh ip  
o f  man t o  equipment i s  tha t  the spec i f i c  g rav i t y  o f  the human body i s  
equal t o  about one. Having approximately neutral  buoyancy, the subjects 
representing the crew can assume pos i t i ons  and movements r e l a t i v e  t o  the 
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61. 

62. 

63. 

64. 

mockup 
but  wh . 

which are s im i l a r  t o  those t ha t  would occur i n  we 
ch would be unatta inable under one-g condi t ions 

ghtlessness, 

The major l i m i t a t i o n  o f  t h i s  technique resu l t s  from the f a c t  tha t  
water o f f e r s  considerable resistance t o  movement, and the resu l tan t  
r e s t r i c t i o n  t o  body m o b i l i t y  (as we l l  as wel l  as the p o s s i b i l i t y  
o f  using t h i s  resistance f o r  sel f- propuls ion) must be taken i n t o  con- 
siderat ion.  Nevertheless, water immersion provides the best  s imulat ion 
of weightlessness f o r  periods o f  un l imi ted durat ion and w i t h  equip- 
ment o f  un l im i ted  size. 

Pierson, W.R. and Gel ler ,  R.E., "Work i n  a Low F r i c t i o n  Env 
L i f e  Sciences Lockheed, Cal i f o r n i a  Company,Burbank, Cal i f. 
presented i n  A lAA  4th Manned Space F l i gh t  Meeting, October 

ronmen t , I 
Paper 
1-13, 

1965, S t .  Louis, Missouri. 

pressurized t o  3.5 psid, performing 3 maintenance tasks, g r i p  force 
same i n  t ime and e f f o r t  as one-g, tasks requ i r ing  reactions requ i re  
more t ime, body res t ra i n t s  requ i red f o r  torqu ing forces, hand-eye 
coordinat ion not  af fected,  much o f  decrement due t o  pressure suit,and 
s u i t  improvements are  recommended. 

Summary: 18 subjects tes ted i n  s ix-  degrees-of-f reedom simulator, 

Pigg, L.D., "Human Engineering Pr inc ip les  o f  Design f o r  In-Space 
Maintenance." Behavioral Science Lab. , Wright-Patterson AFB, Ohio 
ASD-TR-61-629 ASTlA AD-271, 066, NOV 1961. 

Abstract: Results of research on problems re la ted t o  human per- 
formance of maintenance act ions i n  space systems are reviewed. The 
in te rac t ion  o f  sensory, psychomotor, and motor funct ions are discussed, 
along w i t h  problems o f  remote handl ing i n  space. 

Samuels, R.L., "The Extra-Wehiclular Manufacture o f  Large Space Struc- 
tures from Storable Tubular Members." i n  National conference on Space 
Maintenance and Extra-Vehicular A c t i v i t i e s ,  March 1966, page 2.8.1- 
2.8.35. 

Summary: This simple technique f o r  extension o f  long tubes from 
a small package has i t s  background in  the carpenters steel  tape w i t h  
i t s  concave form prov id ing r i g i d i t y .  The new technique i s  formed 
s im i l a r  w i t h  a tube t ha t  provides overlap thus producing a r i g i d ,  
overlapping seamed tube, from a small box- l i ke  container. Concept 
could be used f o r  space structures,  booms, antennas, astronaut 
"ho 1 der , e t c  . 
Schol lhammer, F. R., "Electron Beam Welding f o r  In-Space Assembly 
and Ma i n tenance. 
Extra-Wehicwlar A c t i v i t i e s ,  March 1966, page 2.6.1-2.6.26. 

i n Na t i ona 1 Conference on Space Ma in tenance and 
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65. 

66. 

67. 

68. 

Summary: Electron beam welding i s  new technique. Is now f i nd ing  
serious considerat ion as the only p rac t i ca l  means o f  prov id ing in-space 
fabr i ca t ion .  
a hand he ld  e lec t ron beam gun. 
paper . 

Further laboratory e f f o r t s  are  cont inuing t o  develop 
Objectives and problems presented i n  

Schwinghamer, Robert J., "Tool Experiments f o r  Assembly, Maintenance 
and Repair i n  Space." in  National Conference on Space Maintenance and 
Extra-Vehicular A c t i v i t i e s ,  March 1966, page 4.6.1-4.6.30 (includes 
18 p ic tu res  and charts). 

Summary: Pulse power concepts f o r  too ls  and miss i les  are consi- 
dered f o r  advanced systems way beyond the state-of-  the-art.  Conclu- 
sions and experiments conducted f o r  state-of- the-art .  

Seale, L.M. and Economou, N. "EVA Space Missions, An Overview o f  the 
Requ i remen t s . 
Maintenance and EVA, March 1966, Orlando, Florida. 

Sumnary: " Def in i t i on  o f  EVA, and various approaches t o  EVA 
which e x i s t  a t  the present time, a de l ineat ion o f  the operational 
requirements f o r  EVA and a descr ip t ion o f  the range o f  EVA hard- 
ware systems which a re  cu r ren t l y  being studied." 

Handout paper a t  the Na t i ona 1 Conference on Space 

AMU o r i en ta t i on  using Be l l  experiments. 

,Scale, L.M. Economou, N., Stewart, R.A. "Remote Maneuvering Unit,"  

Sumnary: Discusses nine missions f o r  use o f  RMU. The astronaut 
cont ro ls  the RMU w i t h i n  close range t o  the spacecraft by the "outside- 
in" cont ro l  cues he has by looking out  the spacecraft window OF by 
the " inside-out" cues provided t o  him on a TV monitor from the 
v isua l  cues sensed by TV camera mounted on the RMU. 
i s  provided by two three degree con t ro l l e r s  from the parent c r a f t  
tab le  o f  RMU missions presented and descr ip t ion o f  operators cont ro l  
s t a t  ion. 

Operation cont ro l  

See1 e r , Henry W. "Underwater Pressu re- Compensated Breath i ng Control 
Valves f o r  Prolonged Water Imnersion." 
Labs., Wright-Patterson AFB, Ohio. F i n  0- 
June 1962 AMRL-TR-64- 130. AD-61 1 807. 

Two water-pressu re- compensated b reath i ng devices f o r  p r o l  onged 
immersion have been designed, fabr icated,  and tested underwater. One 
valve i s  a continuous-flow regulator  and the o ther  i s  a demand regula- 
to r .  
surface atmosphere f o r  a i r  analysis. One o f  the two valves has been 
used extensively during prolonged weightlessness s imulat ion tes ts  by 
immersion. 

Both valves a l low exhalat ion through a hose d i r e c t l y  i n t o  the 
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69, Sharp. E.D., "A Comcarison o f  Three F u l l  Pressure Su i t s  i n  Terms of - 
Contkol A c t i v a t i o n  Time." 
Aerospace Medical Research Lab., Wriqht-Patterson AFB, Ohio, Dec 1964. 

AMRL-TR-64-126 Behavioral Science Lab., 

Abstract :  Apo l lo  Phase B, Gemini G2C-1, and Apo l lo  1960 s u i t s  
compared, pressur ized and unpressurized. The c o n t r o l s  used were 
knobs, togg le  switches and push but tons  (no s u i t  appeared to be 
unequivocal ly  super ior) .  Panel layout, etc., i l l u s t r a t e d .  

70. Sharp, E.D., and Sears, C.W., "Walking Under Zero-Gravity Condit ions 
Using Velcro Mater ia l  . ' I  Aerospace Medical D i v i s i o n  Aerospace Med- 
i c a l  Research Labs. Wright-Patterson AFB, Ohio AMRL MEMO P-23, 

Discussion o f  t e s t s  o f  wa lk ing  us ing  Velcro m a t e r i a l s  on mat 
and shoes and techniques used t o  main ta in  the  best  r e s u l t s  as we l l  
as innovations o f  S ' s  i n  and dur ing  the  tes ts .  

71. Simons, J . C . ,  and Gardner, M.S., "Weightless Man - A Survey o f  
Sensations and Performance While Free-Floating," March 1963, 71 p. 
AMRL-TDR-62-114, issue 18. 

Abstract :  The e f f e c t  o f  sur face- free work i n  space. To deter-  
mine what techniques should be developed f o r  o r b i t a l  workers, w h i l e  
performing gross motor a c t i v i t i e s ,  S ' s  repor ts  and unique examples 
o f  sho r t  term weight less behavior.  

Summary: A method f o r  automatic o r  semi-automatic s t r u c t u r a l  
assembly i n  o r b i t  o f  a l a rge  pa rabo l i c  antenna. Astronauts would 
d i r e c t  o r  perform a1 ignment func t ions ,  replace or  r e p a i r  de fec t i ve  
pa r t s .  Considerat ion i s  main ly  one o f  design o f  s t r u c t u r a l  components 
and fasteners. 

73. Streimer, I . ,  Turner, D. P.W., and Volkmer, K., "An Inves t iga t i on  of 
the  E f f e c t  o f  Tota l  Simulat ion System Mass on Cer ta in  Human Forces 
Outputs i n  Trac t ion less  Environment.'' Nor th American A v i a t i o n  Co. 
Space and informat ion System D i v i s i o n  Document No. SlD65-1561. 

capabi l  i t i e s  o f  operators i n  a six-degrees-of-freedom simulator.  The 
e f f e c t s  o f  d e l i b r a t e  a l t e r a t i o n s  i n  the  man-simulator t o t a l  mass upon 
these output  c a p a b i l i t i e s  were a l s o  sys temat i ca l l y  studied. The r e s u l t s  
ind ica ted t h a t  decrements r e l a t e d  t o  bio-mechanical considerat ions of  
the  task  nature  would appear i n  t r a c t  ionless environments. The r e s u l t s  
a l s o  ind ica ted t h a t  t h e  response c h a r a c t e r i s t i c s  o f  the  s imula tor  tes ted 
were s u f f i c i e n t l y  s e n s i t i v e  to  be e l im inated as a f a c t o r  i n  b i a s i n g  
output  capab i 1 i t i e s .  

Abstract :  This study inves t iga ted c e r t a i n  manual force-producing 
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74. Streimer, I . ,  Springer, W.E., and Ta rd i f f ,  C.A., "Human Output 
Character ist ics During Specif ic Task Performance i n  Reduced Tract ion 
Environment. Human Factors, Volume 6, A p r i l  1964, page 121-126. 

t e r i s t  i cs  of  unbraced operators performing i n  reduced t r a c t  ion environ- 
ment. The subjects, t h e i r  work output vs. metabol ic input ra t ions 
were determined a t  various leve ls  o f  s t a b i l i t y .  Increases o f  up t o  
70 percent i n  O 2  consumption per horsepower developed were found. 

75. Streimer, I . ,  Turner, D. P.W., and Volkmer, K., "An Experimental Study 

Analysis of the a l t e r a t i o n  i n  the force and work producing charac- 

o f  Performance Character ist ics i n  a Zero Potent ia l  Energy Manual Task." 
North American Av ia t ion  Inc., Space and Information System D iv is ion  
5 November 1965. 

Abstract: The f ind ings and impl icat ions o f  experimental data 
obtained dur ing the invest igat ion o f  - a  f lex ion-extension (sawing) 
type task are discussed. Experimental equipment was designed w i t h  
extremely low f r i c t i o n  so as t o  c a p i t a l i z e  upon the absence o f  
po ten t ia l  energy s im i l a r  to tha t  o f  zero g rav i t y  where a fixed-man 
loose ob ject  re la t ionsh ip  could be dupl icated. The comparative 
di f ferences o f  work output charac te r i s t i cs  o f  e f f i c i ency ,  rate,  and 
t o t a l  amplitude a t t r i b u t a b l e  t o  the absence o r  presence o f  po ten t ia l  
energy are  discussed. The impl icat ions de f in ing  the maximum capa- 
b i l i t i e s  and minimum requirements o f  an operator pertorming t h i s  
spec i f i c  task are presented. 

76. Thayer, W.S.,  "Human Angular Motion Capabi l i ty  i n  the Zero Gravi ty 
Environment." i n  I n s t i t u t e  o f  Environmental Sciences, Annual Technical 
Meeting, 11th Chicago, Ill., Ap r i l  21-23, 1965 proceedings (A65-29982 

Discussion o f  t rac t ion less  experimental methods which provide an 
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accurate s imulat ion o f  t rue  weightlessness, a i r  bearings used. 

77. Trout, 0. F. Jr., "A Water Immersion Technique f o r  the Study o f  Mobil i t y  
of a Pressure-Suited Subject under Balanced-Gravity Contit ions," 
NASA Langley Research Center, Langley Stat ion,  Hampton, Va. I NASA 
TN 0-3054, January 1966. 

Summary: Techniques f o r  zero g r a v i t y  s imulat ion prov id ing degrees 
o f  freedom including t es t  procedures. Tests showed tha t  the water- 
imnersion technique i s  v a l i d  where ve loc i t y  i s  low. 

78. U.S. Jo in t  Publ ica t ions Research Service, 1962, "The E f fec t  o f  Changes 
in  the Grav i ta t iona l  F i e l d  on the Coordination o f  Man's Voluntary 
Movements." 
15539, 2 October 1962. 

(Jo in t  Publ i c a t  ions Research Service, WASHDC) , JPRSl 

Abstract: Study o f  the e f f e c t  o f  changes in  g rav i t a t i ona l  f i e l d  
on the coordinat ion o f  man's voluntary movements. 
ance depends on condi t ion and t r a i n i n g  o f  s ' s ,  are proport ional  t o  
logar i thm o f  accelerat ion o f  force o f  weight. 

L im i ts  o f  d i s tu rb-  
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79. 

80. 

81. 

82. 

Vinograd, S.P., "Medical Experiments i n  Gemini ,Ii Astronautics and 
Aeronautics, Volume 2, November 1964, page 70-73. 

Summary: Review o f  the basic experimental framework of the 
Gemini medical experiment program w i t h  descr ip t ion  o f  the i n - f l  i gh t  
experiments scheduled. The major stress re la tes  t o  weightlessness 
and combination o f  i t  w i t h  other factors.  A l l  seem t o  be re la ted 
t o  d i r e c t  physio logical  functions. 

Boe i ng Company , I We i g h t 1 es snes s- Unde rwa t e r f o r  Ou t e  r Space. If 

Product Engineering, 52, 4 January 1965. 
A b r i e f  a r t i c l e  on underwater studies made by Boeing Company, Seatt le, 

Washington. The t e s t  chamber used i s  15 f ee t  deep, 19 fee t  long and 
14 feet  wide, b i g  enough t o  t es t  mockups o f  proposed space vehicles. 
The research program i s  OGER (0-Gravi t y  Ef fec ts  Research). 

Weltman, Gershon, Raymond A. Christianson and Glen H. Egstrom, 
"A Diver Restraint  Device f o r  Underwater Experimentation." Biotechno- 
logy Lab., Univers i ty  o f  Ca l i fo rn ia ,  Los Angeles. Report No. I s  
TN-30; 65-5, February 1965, 6 p. AD 463097. 

There i s  cu r ren t l y  a great  deal o f  i n te res t  on many f r on t s  concern- 
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and on the ways i n  which equipment and workplace design inf luence per- 
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value, however, they w i l l  a l so  have t o  match the care and cont ro l  o f  
previous experimentation. This means tha t  i n  many instances, because 
o f  the novel aspects o f  operating underwater, invest igators  w i l l  have 
t o  evolve, per fec t ,  and comnunicate modified techniques f o r  handl ing 
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movement cont ro l led,  S ' s  were required t o  po in t  a t  graph paper s i tua ted  
some 20 t o  25 inches from h i s  chest a t  chest leve l .  A thimble w i t h  
a po in t  was worn on the index f inger  so t ha t  accurate measurements 
could be made. A m i r r o r  was located i n  such a manner tha t  the S saw 
a target  s i t u a t i o n  t o  one s ide but  could not  see h i s  hand and arm. 
The aimimg task was performed under normal condi t ions,  under simula- 
t i o n  of subgravity (immersion i n  water up t o  neck), under zero g i n  an 
a i r c r a f t  f l y i n g  the well-known parabola, and under accelerat ion (29) on 
the centr i fuge.  Pract ica l  impl icat ions o f  the f ind ings were indicated. 

To study hand-eye coordinat ion under condi t ions tha t  would el imin-  
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i n  National Conference on Space Maintenance and Extra- 

Summary: Results o f  researcn on extra- vehicular  maneuvering per- 
formed t o  date by A. F., NASA, and industry. Concepts covered 
include manual locomotion methods, soaring, and powered maneuvering 
units, inc luding automatic s t a b i l i z a t i o n  un i t s .  Findings and con- 
clusions based on analysis, computer simulat ion, f r i c t i o n l e s s  simula- 
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General Dynamics/Astronautics, San Diego, 

For evaluat ing some o f  the e f f ec t s  o f  a weightless environment, 
the approximately neutral  buoyancy o f  the human body in  water provides 
a su i tab le  simulat ion. 
of  f u l l  pressure garments in  underwater t es t i ng  i s  t h e i r  p o s i t i v e  
buoyancy when i n f l a t e d  t o  normal pressures w i t h  a i r .  For proper 
s imulat ion i t  i s  necessary t o  have the underwater charac te r i s t i cs  o f  
the f u l l  pressure s u i t  s i m i l a r  t o  those encountered i n  outer  space. 
Any weights used t o  gain neut ra l  buoyancy w i l l  add mass t o  p a r t i c u l a r  
points,  making i t  d i f f i c u l t  t o  cont ro l  the center o f  g rav i t y  and t o  
make normal body movements. 
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Apol lo  Command and Service Modules as an o r b i t i n g  Lab and/or workshop. 
LH2 tank t o  be vented and modi f ied f o r  pressurized and unpressurized 
occupancy. Minimum modi f ica t ion ground rules. Study concluded con- 
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PART 2. Program Statement Listings 

* J O R  X0620 Y o C .  PAO 
c 
C UNOERWATER SIMLJLAT I O N  OF ASTHONAIJT EXTRAVEHICULAR A C l l V I T  IES 
C 

€OUIVALENC& (V IA)  . .  
01 MENS I O N  A 1 3 9 1  1 9  lob  I I AL ( 3 9 9 I 9 AS(  3 q 9 I I C 1 3 9  4 I (COEF 

DIMENSION F L 1 9 ~ r S l 4 I ~ V ~ 3 t l l 1 1 0 O l r X 1 3 t l l ~ l ~ ~ ~  
COMMON V e x  
COMMON IStEGr I T I M F  

101 1 t O f (  100) 9 

* T 1 ( 3 ) ~ T 2 ( 3 I r T 3 ( 3 ) r V O ( 3 ~ l l ~ ~ X O ~ 3 r l l l l X M R R T ~ l 0 O I  

- - GDMHON D 4 l ~  DAM e DAlJ I DLL 9 13lM c-DLU I F 1 e - S  - -- 
C 
C I N I T I A L I Z A T I O N  OF D A T A  

-- c 
P I = 3 . 1 4 1 5 9  
RHO= 1.94 

- -10 R E A 0  lN?UT- -T -APE  G1.121 . . -  . .  
1 ANKC .CHESR (CHESD, ELBWC 9 F I S T C  ( Y F T r  HLW * H Y C I  S 4 L  9 

2 
3 

SAO( S F T  9 SLL 9 SLU t S T S  9 TH 1 HC * TOEW 9 IJARNC 9 W A  I S 3 ,  
WR I S C 9 XN E EC 

READ INPIJT TAPE 41  t l 2 * D T K * B T K 9 H T K  
DO 1 1  1 1 = 1 * 1 1  

READ I N P U T  TAPE 4 5 t 1 5 i N O T  
R E A 0  I N P U T  TAPE 4 5 r l 2 r ( D T ' ( K ) r K = l * N D T )  

R E A D  INPUT  TAPE 45rlZr(((A( I t J q K ) r K = l r N D T )  r J = l e l l )  r I = 1 9 3 )  
C A L L 
EQRMAT(LQER.24  - __  __ - - . - . .. - - - . 

11 READ INPUT T A P E  4 1 ~ 1 2 ~ L V O I K ~ I I I ~ K ~ 1 ~ 3 I ~ ~ X ~ ~ K ~ I I l ~ K ~ l ~ 3 ~  

. _. READ INPUT. T A P E  4 1 r l Z r l  ( X M B R ' I I K I  r K = l r N D T I  

VAN OX f A t V O  * X '3 D T  * N 0 T r V 9 X 1 

15 FORMAT'( 161 5 )  
C 
C CENFRATE SEGMENT MODELS 
C 

5 1  1 I =CHESD+D lK  
S (  2) =. 5 s ( S T S t H T K  1 
c j (  31  =. 5 * (  CHESB+RTK 1 
S ( 4 I  =CHESD 
DHM=HMC / P I 
DAU=UARMC/P I  
DAM= ELBWC/ P I 
DAL = WRISC/  P I 
D H = F  I STC/P I 
DL  U= TH I HC / P I 
01 M = X N E F C / P I  
DL L = ANKC / P I 
WFT=.5* ITOEW+HLW) 
F L (  1 I = S T S  
F L  ( 2  1 = T A U  
F1  ( 3 ) = F L ( 2  
F L t 4 ) = S A L  
F L ( 5 ) = F C ( 4  
FL ( 6 )  = S L I J  
F L l 7 l = F L ( 6  
F L  (8 1 = S L L  
F L l 9 l = F L ( R  
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t J T)A X0622 YmC. PA0  
FUNCTION CD( IT 1 
REFORF CD EKPFRIMFNTAL VALUFF RFCOHE AVAILARLE C 

t S E T  CD=L 
CD=l 
RETURN 
EN0 
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* JOB XO6 2 3 Y m f o  PA0 
SUBROUTINE EQSOL!AINVX) 
DlMENSION A (  3 9  4 ) r X ( 7 0 ) r M I Z O )  
DO 9 I = l r N  

AMAX=A( I p 1)  
DO 2 Jz2.N 
I F  ( A B S F ( A ( I , J ) ) - A B S F ( A Y A X ) 1  2 9 2 r l  

. M ( I J = 1  

1 AMAX=A( I tJ l  

2 CQNTINUE . _  

3 NN=N+l 

M (  I ) = J  

I F  (AHAX) 3 1 9 8 * 3  

00 4 J=l tF(N 
A (  I t J 1 = A (  1 9  J )/AHAX 
DO 9 I P = l , N  
I F  tIP-I1 5 ~ 9 9 5  

ZMULT=A( IP IMHM)  
Da 8 J=l,Nhl 

4 

5 HMM=M(II 

I F  ( 4 - M M H I  7 * 6 * 7  
6 A ( I P I J J = O ~  

GO TO 8 

8 CONTINUE 
9 CONTINUE 

NQ=MI 1 1  

GO T O  100 

7 A I I P * J ) = A I I P t J ) - Z M U L T * A l l r J )  

DO 95  I = l r N  

95  X1NOJ=AfIsNNI . __ . .  

9 8  W R I T E  OUTPUT TAPF 42999 
99 FORHAT(l2H Nn SQLVTIQN) 

100 R E  JURN 
END 
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* 308 KO624 Y.C. PA0 
. SUBROUTtNE S I M P ~ ( K l 9 N P f ~ N T I M E , C O E F ~ A L 9 A S ~ S U ~ )  

DIMENSION A ~ ( 3 ) r A S l 3 ) r C O F F I 1 0 1 )  
IF (NTICIE-ZI  30130r40  

. -3Q L.EAP.91. - _ _  I _ -  
DO 38 ImlrNPf- 
I F  (1-1) 3 3 9 3 3 9 3 2  

32 IF (1-NPT) 3 5 9 3 3 9 3 3  
3 3  COEFI I l = l .  

3 5 G Q  TQ I 3 6 9  11 11 LEAP . . _ _  
36 COEFl I la40 

GO TO 38 

LEAPm2 
GO TO 38 

37  C M F ( ! 1 = 2 .  
L F A P = l  

36 CONTINUE - _ _  . -  
40 SUM=Oo 

DL=XL/FLOATF 4 NP f -1  t 
Xs-DL 
DO 58  J x I r N P T  
X=X+DL 

SUM=SUM*OL/3. 
5 8  S U M = S U M + C O E F f J ) * W A R C I X ~ A L ~ A S l  

RETURN 
END 

D-I8 



* JOB X06?5 Y .C .  PA0  
SUBROUTINt V A N D X I A I V O ~ X O I O T ~ N D T ~ Y ~ X )  
01 MENSION A (  3 9  1111001 ,VO( 3 9  1 1 )  9 x 0 1 3 9  1 1 )  P O T (  1001 c V (  3111 9 1 9 0 )  p 

X (  3 9  11  9 19Ic) * 
DO 2 0  l J = l r l l  
DO 10 I X = l r 3  
V I I X ~ I J ~ l I ~ V O ~ I X ~ I J I + A ~ I ~ ~ I J I Z ) * D T 1 1 )  
X t  I X *  I J. I ) = X O (  I X I  I J 1 + V (  I X r  I JI 1 ) * D T ( L I  

10 CONT INUE 
20  C f l N T I N i J E  

-DO 5 0  IT=ZtNDT 
I T M l = I  1-1 
DO 40 I J - 1 . 1 1  
on 3 0  1 x = i . 3  
V ~ I X t I J ~ I ~ ~ = V ~ I X 9 1 J ~ I l M l ~ + A ~ I X ~ I J ~ I T ~ c D T ~ I T ~  
X ~ I X ~ I J r I T I ~ X ~ I X ~ I J ~ I T M l ~ ~ V ~ I X ~ I J ~ l T I * D T ~ I T ~  

3 0  CONT INIJE 
40 CONTINUE 
5 0  CONTINUE 

RF TURN 
END 
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- . - . - .. . . - . ... - .- . . . . .  

* JOB X0626 Y.C. P A 0  
FUNCTION WABC{X,AL,AS!  
DIMENSION A L f 3 l r A S 4 3 1  
W = W X (  X I  

RETURN 
E NO 

- W A B C = W * l A L t l I * X * * 2 + A L ( 2 ~ * X + A L ( 3 1 ) * S Q R T F ( A S ~ l ~ ~ ~ * * Z + A S ( 2 ~ ~ X ? A S t 3 ~ )  
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PART 3. Flow Charts 
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